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Executive summary
The subject of buckling of steel members is introduced and the critical nature of local
buckling in slender members is highlighted.
The main thrust of work this semester is an investigation into the following buckling
modes:
Flexural buckling;
Lateral torsional buckling;
Torsional buckling;
Shear buckling;
Web buckling;
Distortional buckling;
Local buckling.
This investigation has three main components:
1. Review of theory, books and appropriate published work;
2. Investigation into the relevant parts of Eurocode 3;
3. Finite element analysis using the LUSAS FE program to illustrate the various
buckling modes.
Finally, the areas to be covered in the Realisation Stage of the project in semester 3,
including goals and potential complications are laid out
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Chapter 1: Introduction

Introduction

1.1 Background
Buckling of compression members has always been a major obstacle to designers
seeking to achieve optimum steel design solutions. The advent of user-friendly, finite
element analysis (FEA) packages has precipitated a drive towards even further crosssection optimisation in the design of structures, but has also revolutionised analysis and
design procedures.
As structural steel members become more efficient and hence cross-section dimensions
reduce, they become lighter overall and often operate at much higher stresses than was
usual in previous design codes such as BS 5950 (1). For example, steel alloys with yield
strengths of up to 700 N/mm are incorporated into the design procedures in the current
Eurocode (IS EN 1993-1-12) (2). New challenges, such as the influence of a form of
local buckling known as distortional buckling, are beginning to emerge because of the
use of such high strength steel.
Recent advances in cold formed steel (CFS) production and design mean that it is now
possible to create large portal frame structures for industry or multi-storey domestic
dwellings entirely from light steel members; often these members are in the range of
5mm to 15mm in thickness. These structures may be clad entirely with prefabricated
panels and use bolted or screwed connections throughout. Such structures also offer
considerable advantages in a site-safety sense as they consist of lightweight manageable
components. The steel used in these components usually has a yield stress in excess of
350 N/mml
A major current growth area for thin (often CFS) members is their application to both
roofing and cladding applications. These cladding systems are highly adaptable as they
can be part of a traditional ‘heavy’ steel frame, they can be incorporated into a
lightweight structure, or perhaps they become part of a stressed skin design. The
cladding system comprises purlin (or beam) members and cladding panels.
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The rigidity and overall stability of insulated cladding panels is a function of the
geometry of the inner and outer cladding layers and the composite action achieved
between the two layers due to both the bond between panels and the rigidity of the
insulation layer. Figure 1-1 shows a standard detail from Kingspan for such a roof
panel.
1000 Cover width
333.3

,

I

333.3

333.3
^

r

Figure 1-1 Kingspan KSIOOORW cross-section (3)
Excluding their own self-weight, vertical cladding panels (walls) are subject only to
wind loading. Roofing panels are subject to wind action and other distributed loads such
as snow loading; however, they do not generally support point loading. As such, these
panel members are quite stable laterally, due to their corrugated nature and plate theory
accurately describes their behaviour under both gravity and uplift (wind-induced
suction) loading, fhe complication in the design of a cladding system (be it on a roof or
wall) arises in the definition of the restraint (or boundary) conditions, which relates
directly to the purlins or cladding rails that support such panels. Figure 1-2 shows a
selection of such cladding rail and purlin members.

j III Z

1:1 z 3
Figure 1-2 Purlin members in IS EN 1993-1-3 (4)
The most common structural model to describe the behaviour of such thin purlin
members is the multiple ‘plate member’ model recommended in IS EN 1993-1-3 (4).
The plate member model analyses the cross section as a series of plate elements
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connected by springs of varying stiffness. In a plain channel section, the top flange, web
and bottom flange each constitute an individual plate element. This model is fully
explained in IS EN 1993-1-5 (5). By implementing this model and using the concept of
ineffective areas (see IS EN 1993-1-3), account may be taken of the effects of local
buckling.
Local buckling is characterised by the ‘wrinkling’ and failure of a plate member at
stresses below yield stress. Chapter 2 contains a full description and explanation of local
buckling. Figure 1-3 shows an FEA model of local buckling failure in a plate, simply
supported at all four edges and subject to pure compression.

Figure 1-3 Local buckling in a compression member
CFS purlin members may span from 4m to 10m, and are generally less than 300mm
deep and less than 5mm thick (6). Local buckling is of major concern in the design of
these very thin members, not because they are thin but rather due to the high depth to
thickness (c/t) ratio in the individual plate (web or flange) element (see Figure 1-4).
Internal compression parts

t-

Axis of
bending

t-

Figure 1-4 Diagram of some c/t ratios used in design to Eurocode 3 (7)
High c/t ratios and high yield stresses are not exclusive to thin CFS members. In hot
rolled steel design, high grade steels were traditionally only associated with bridge or
prestige applications, as their cost was prohibitive. Recent advances in quality control in
steel manufacturing have meant that high grade, hot-rolled steel (S355) has reduced in

Matt Clifford

M.Eng. in Structural Engineering

Optimisation of coldformed purlin cross-sections

Chapter 1: Introduction

price to parity with grade S275 steel (8). This means that S355 grade steel is now a
viable option in design, especially when deflection is not the governing criterion (as
higher yield steels provide no benefit in reducing deflections).
The c/t ratio in the webs of very deep members, such as (hot-rolled) welded plate
girders used in bridge design may be quite high. In order to provide sufficient lever arm
to resist the massive bending moments in bridge spans and over (continuous) pier
supports, these members are commonly up to 2m deep. 900mm wide flange plates are
common in such plate members (9) (see Figure 1-5). In many ways, these massive
welded bridge beams are the polar opposite to lightweight roof purlins, but due to the c/t
aspect ratio, they too are susceptible to failure due to local buckling.
Figure 1-5 is a snapshot from the joint British Constructional Steel Association (BCSA),
Corns, and Atkins program (9) for the sizing of plate girders required for either a ladder
deck or multi-girder steel bridge design to EN 1993-2 (10). It clearly shows that high c/t
ratios are possible in both web and flange plates.
Section 3.1 of this report covers IS EN 1993-1-1, and in particular the Eurocode section
classification process and c/t ratios in detail.
Elastic
Span Girder

Pier Girder

Top Flange Area =
Web Thickness ==
Bottom Flange Area =

5620
15 4
25628

nim'
mm
mm*

Top Flange Area =
Web Thickness =
Bottom Flange Area =

27926
18 8
64750

mm’
mm
mm’

Total Area «

62234

mm’

Total Area »

130177

mm’

Top FiMige
Wab
Bottom Flanga
Total Area*

Width
360
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400

Depth
17
1918
89
61474

Top Flanga
Web
Bottom Flange
Total Area *

Width
400
18.1
700

Depth
70
1837
93
127648

Figure 1-5 Sizing plate girders in EN 1993-2 (9)
As the popularity of FEA grillage models for the design of steel bridges increases, so
does the optimisation of sections used in bridges. This means that the web plates used in
plate girders for bridge applications are getting more and more slender. Concurrently,
loading on bridges is increasing due to the larger vehicles on the roads. Thus, in plate
girder and bridge design, there is a need to analyse the potential for local buckling
failure in individual plate elements. This may precipitate the need for the design of
appropriate plate stiffeners to prevent local buckling under loading.
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Figure 1-6 shows a simple FEA grillage model of a single span bridge, using multiple
beam members and a composite deck. Each longitudinal member is an individual beam
and transverse members represent bracing members. In order to represent the behaviour
of a cladding system such as a roof, a similar grillage model is required.
Loadcase: 1 Dead Load
Results file; griage mys

Figure 1-6 FEA grillage model showing deflection and bending moment
Whilst the discussion thus far has focused on the webs of beam members, in reality
local buckling can occur in any element subject to compression, particularly the
compression flange of a beam member. Figure 1-7 shows local buckling occurring in a
plate with one free edge and three simply supported edges, which is analogous to the
compression flange of a plain channel member, the most basic purlin section (shown in
Figure 1-2).

Figure 1-7 Local buckling in a simply supported plate with one free edge

1.2 Focus of this project
All structural elements are subject to either shear, axial force, bending moments
(including torsion) or a combination of these actions, as shown in Figure 1-8.
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.

i

*

Bending

Shear

Axial force
and bending

Figure 1-8 Structural load-transfer in various members (11)
The focus of this project is on the pre-yield (elastic) buckling failure modes associated
with members subject to combined axial force and bending moment (beam-columns in
Eurocode terminology) as shown in Figure 1-9. The FE analysis associated with such
members begins with a single plate element and then expands to take in the entire cross
section. Specifically, this analysis will involve thin cold formed steel members and
welded (hot rolled) plate girders.

It

Compression
mcnibcr

Beam

Bcani-colinin

Figure 1-9 Structural members (11)
Slender CFS members are frequently associated with local buckling failure at stresses
far below the yield strength of the members. Similarly, large welded plate girders can
fail through local buckling. In addition to local buckling, cold formed channel members,
hot rolled UB members and welded plate girders subject to bending loads in situations
where the compression flanges are unrestrained, are also susceptible to lateral torsional
buckling (LTB) failure. LTB is a form of buckling failure involving a member rotating
out of plane. Although distinct from local buckling failure, LTB is also a pre-yield or
elastic buckling failure.
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The main thrust of this project, in the Realisation Phase, is the design and analysis of
stiffeners to prevent such premature buckling failure modes. In terms of slender
members such as purlins, local buckling is of particular concern. In this vein, the
Development Phase of the project consists mainly of a detailed review of buckling
theory. The main buckling modes under investigation are as follows:
Flexural buckling (Euler buckling);
Lateral torsional buckling;
Torsional buckling;
Shear buckling;
Web buckling;
Distortional buckling;
•

Local buckling.

The Development Phase of the project involves the creation of FEA models to
demonstrate these various buckling modes. In the Realisation Phase, these models will
be developed to allow for the behaviour of real members, including the effects of initial
curvature and residual stresses.
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2 Buckling theory

2.1 Introduction
Structural members subject to tensile loading (tension members or ties) are intrinsically
stable. Failure occurs in such members at a predictable load, regardless of member
lengths or member aspect ratios. For certain members such as unequal angle members
with multiple rows of boltholes, this may require slight modification, based on the
recommendations of section 6.2.3 of IS EN 1993-1-1 (7) but fundamentally, only the
appropriate characteristic material stress and cross sectional area dictate the capacity of
a tie member. IS EN 1993-1-1 requires that the design tension resistance of a member
{l^t.Rd)

taken as the smaller of the plastic resistance of the gross cross section,

excluding all boltholes (Equation 2.1) and the ultimate resistance of the net cross
section (Equation 2.2).
/ ^

^t.Rd — ^pl.Rd =
> ^t.Ed
^
Ymo

NtM =
where:

(Equation 2.1) (7)
(Equation 2.2) (7)

YM2

N, Rd

Design tension resistance.

N,pi, Rd

Plastic resistance of the gross section.

Nu. Rd

Ultimate resistance of the net section ,
Yield strength of the member.

Matt Clifford

fu

Ultimate tensile strength of the member.

A

Gross cross-sectional area of member.

A net

Net cross-sectional area (allowing for bolt holes).

Ym

Partial factor of safety, obtained from National Annex,

l^t, Ed

Design value of the tension force.
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The behaviour of a tie is independent of its cross-sectional geometry, in that a square
hollow section and rolled UB section of equal cross-sectional area respond to tensile
loading in the same manner. The load capacity of a tensile member (tie) is independent
of the length of the member and failure usually occurs when stress due to loading
exceeds the yield stress. Equation 2.2 shows the situation where the use of ultimate
stress is appropriate. It should be noted that since the Irish National Annex to IS EN
1993-1-1 defines Ya/2 as 1.25, the tensile stress in a member may never exceed 0.72
times the ultimate stress of the net cross section (Equation 2.2). The same document
defines jmo, for use in Ireland as 1.00 and so no modification of the yield stress occurs
in design.
There are circumstances where a fatigue failure from on/off or cyclical loading can
cause a tensile member to fail well below its yield strength. Such failure is not usually
applicable to beam/ column members and is usually more associated with turbine blades
and other structural members where regular stress reversals occur.
When compared to tie members, structural members subject to compressive loading
(compression members or struts) or the compressive elements of members subject to
bending usually fail in a more complex manner, generally known as buckling. Very
short compressive members may fail through crushing as covered in section 6.2.4 of IS
EN 1993-1-1, the equation for which is of a similar form to Equation 2.1, as follows:

iV,C.Rd

where:

fyA
YMo

> N,C.Ed

(Equation 2.3)

N,c, Rd

Design compressive resistance.

fy

Yield strength of steel.

A

Cross-sectional area of member.

c. Ed

Design value of the compressive force.

In a member subject to axial compression (such as a column in simple construction), the
resistance of the member decreases as length increases; thus in a relatively slender
member, failure can occur at stresses far below yield stress. This pre-yield failure is due
to buckling of the column and was first categorised by Euler.
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2.2 Euler buckling
The starting point for the stability design of structural components is elastic buckling
theory. The most fundamental case is that of an axially compressed column (12). The
assumption that the column remains straight until buckling occurs at some critical load
forms the basis of Euler’s theory. EC3 (IS EN 1993-1-1) refers to this load as the elastic
critical force, Ncv According to Euler, upon reaching a load of Ncr, the member buckles
in a sinusoidal shape, as shown in Figure 2-1. This form of buckling is an overall failure
mode and is termed ‘flexural buckling’ in Eurocode 3 and is commonly known in the
UK as strut buckling (13).

Figure 2-1 Flexural (Euler) buckling in a compression member (FE model)
The general form of the well-known buckling expression developed by Euler is as
follows:

N
‘'‘cr = —
^2
where:

(Equation 2.4)

Nc.

Elastic critical force.

E

Young’s Modulus (210000 N/mm^ for steel).
Second moment of area of the section.
Length of the column.

The buckling theory developed by Euler is concerned with a prismatic bar in an ideal
situation; the derivation of this theory is given many textbooks such as Coates et al.
(14). The gulf between real structures and an Euler column is examined in detail by
Matt Clifford
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Coates et al. (14), Todd (15), and Megson (16). The main difficulty or criticism is that
the perfect column end conditions assumed as boundary conditions in Euler’s theory do
not exist in real structures. Columns simply do not have rounded ends that are free to
rotate. Column ends are always, to some degree, fixed be it through bolt arrangements
or fixity from welding. Thus, Euler’s elastic critical force predictions are at best, an
approximation and at worst, purely theoretical. An appropriate modification to Euler’s
formula, allowing for various end conditions is as follows:
N,cr
where:

n^E!

(Equation 2.5)

Nc

Elastic critical buckling force.

E

Young’s Modulus (210000 N/mm^ for steel).

/

=

Second moment of area of the section,

Lcr

-

Buckling length of the column (EC3 terminology).

The buckling length of the column is the term that allows for the incorporation of
various end restraint conditions; this buckling length corresponds to the buckled shape
of the column. Trahair et al. (11) recommend the modification of the basic equation
(Equation 2.5) to include a coefficient (as shown in Figure 2-2). This allows the user to
clearly see a reduction or increase in the elastic critical buckling force (or load) based
on any variation in support conditions.

Lcr

Diagram

Elastk cnocal
buckling load

Ncr = -\!(^EIIl}
Lcr=Lf2

Buckkig length

coefficient:
u = Jsin(-^^)

Support Conditiens

Ptnoed-Pimied

t> =

Ncr
Lcr* 0.7L

4

Buckled <haj>e

Lcr

J-4r

L

2
)

Pimed. ntenul restramt

u « dsin^
Fixcd-Piined

ElIAt

Lcr~ 2L

0.5
*)

i'««Ssin^—j—J

v = Ssin(-y^)

Fixed-RoOer

Cantileief

Figure 2-2 Column support conditions (after Trahair et al. (11))
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The other method for establishing the elastic critical buckling force, as described by
Gardner (12), requires the use of Equation 2.6:
Lcr = kL,

(Equation 2.6)

Gardner’s method gives identical results to Trahair et al., because Gardner’s ‘k’ term
(Equation 2.6) is the inverse square root of Trahair et al.’s coefficient. However rather
than maintain the Euler formula and using a coefficient, Gardner modifies the
denominator of Euler’s formula. It is important to note that Gardner’s ‘k’ term does not
relate to member stiffness but rather to end restraint conditions and the main criticism of
this method is the seemingly counterintuitive use of ‘k’. Trahair et al. maintain the clear
relationship with Euler’s formula (Equation 2.4) and allow the user to read from a chart
(in this case Figure 2-2) to determine the elastic critical force and the buckled shape and
is certainly useful for a situation where column end connections are clearly defined as
fixed or pinned. The chart proposed by Trahair et al. does not make allowance for semi
rigid connections or connections where the degree of fixity may be subjective or
difficult to determine accurately. Gardner’s ‘k’ term, allows for such deviations by
allowing the user to enter custom ‘k’ values for situations that do not conform directly
to the chart. This also allows users to enter a factor of safety if required, as was
customary in design to BS5950-1 (1), where the degree of fixity was underestimated
and hence the buckling length (termed effective length in BS5950) increased, thus
giving a conservative estimate of elastic critical force, often known in BS5950 as the
(Euler) buckling load.
The first two diagrams on the left side of Figure 2-2 show the effect of internal restraint
with regard to flexural buckling. The inclusion of an interior support to halve the
unrestrained length has the effect of quadrupling the elastic critical force. The net effect
of such restraint is to change the buckled shape of the column. Figure 2-3 shows the
buckled shapes for the first five eigenvalues or buckling modes for a pin ended column,
determined using LUSAS Finite Element software.
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Fifth Mode

Figure 2-3 Failure modes of a pin-ended column subject to pure compression

„

.

f 7nTX\

v = Ssm[—)

(Equation 2.7)

The first buckling mode (shown in Figure 2-3) is the first solution to Euler’s formula for
flexural buckling. Equation 2.7 defines the buckled shape for any member subject to
flexural failure. Based on Equation 2.7, the buckled shape of the first buckling mode
occurs when n = 1.00. The next four modes (or failure shapes) correspond to half sine
wave buckled shapes relating to ‘n’ multiples of ti from the buckled shape formula
given in Equation 2.7. Since ‘n’ is the number of half sine waves in the buckled shape,
it must be a natural number (positive and whole).
When using Euler’s formula, it is important to note that a link exists between the value
for the second moment of area and the buckling length. In many sections, such as a
universal column section, there is a strong axis (yy) and a weak axis (zz). Furthermore,
in any structure, the unrestrained lengths about such axes may vary. This commonly
occurs in the case of columns used in the fa9ade of an open foyer; the column may be
unrestrained from floor to ceiling height, about one axis but about the other axis, the
fa9ade frame, or cladding frame may restrain the column at much shorter intervals.
Another similar situation is an interior column, taking loading about both axes, where
the unrestrained lengths about the two axes differ. Figure 2-4 shows a case of differing
unrestrained lengths and is a visualisation of a structural analysis model completed
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using Staad PRO analysis software. Thus, it is important to consider both axes when
determining the elastic critical force.

Figure 2-4 Unrestrained lengths about different axes

A further problem with Euler’s buckling predictions emerges when the cross section
geometry of any ‘real’ column is analysed. Euler’s theory assumes that all columns are
perfectly straight, leading to a linear stress distribution, not complicated by second order
effects. This perfect stress distribution leads to a ‘global’ flexural buckling at some
critical force or load

{Ncr)-

In real structural members such as UB sections, this is not

the case; since no matter high level of quality control in the manufacturing process,
inherent initial curvatures will occur and thus second order effects will occur. This
initial curvature means that the member begins to bend out of plane as soon as it is
loaded and does not remain straight until failure, as Euler’s theory assumes. In IS EN
1993-1-1, this initial curvature is a local bow imperfection as shown in Figure 2-5.
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Buckling curve
acc. to Table 6.1

elastic analysis
eo/L

plastic analysis
eo/L

ao
a
b
c
d

1/350
1/300
1/250
1/200
1 / 150

1/300
1 /250
1 /200
1 / 150
1 / 100

e.

t
Figure 2-5 Initial bow imperfection in IS EN 1993-1-1 (7)
Euler’s equation assumption that all members are prismatic bars infers an equal
distribution of all stresses, both across the cross section (yy and zz axes) and along the
member (xx axis). Real structural members such as UB/ UC sections or cold formed
channel sections (Figure 2-6), have corners, returns and outstand elements, and as such
they may be considered to be made up of plate members that themselves may be
susceptible to a form of local buckling failure long before Euler’s overall buckling
prediction for the cross section. The concept of considering any cross section as
composed of multiple plates underpins much of the analysis in EC3, particularly IS EN
1993-1-3 (cold formed members) and IS EN 1993-1-5 (plate members).

j III Z

:: n z 3
Figure 2-6 Open cold formed sections covered in IS EN 1993-1-3 (4)
While Euler’s buckling predictions are overestimates for the buckling failure of many
real members, it is important to review this theory first as Euler’s theory of flexuralbuckling is an overall buckling mode that affects all column members. His equation
serves as a baseline for all other buckling analyses. The concerns raised about Euler’s
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buckling predictions have given rise to further investigation into buckling modes such
as flexural-torsional buckling and local buckling. Far from being outmoded or
disproved, Euler’s theory of flexural buckling forms the basis of all subsequent buckling
analyses.

2.2.1

Other forms of Euler’s equation

For use in IS EN 1993-1-1, it is useful to express the elastic critical load in terms of
member slenderness and yield strength. The first step in this process is to define the
elastic critical stress, Ccr- As with any stress, the units of elastic critical stress {(Jcr) are
N/mm^ (MPa).
(J,cr = Ncr/A = 7

^EI

n^EI

1

* — — ——

(Equation 2.8)

By definition, second moment of area (/) is equal to the product of area (A) and the
radius of gyration (/) squared. Thus, the 'Ai ’ term can replace the second moment of
area in Equation 2.8, giving the following:
I = Ai'^
n^E

(T.

cr

n^E
{LctHY

(Equation 2.9)

At this point EC3 (IS EN 1993-1-1) introduces three distinct slenderness terms, which
are derived from the relationship between yield strength and elastic critical stress. In
EC3, the use of A, and an appropriate subscript or superscript denotes a slenderness term.
The first slenderness term is the geometric slenderness ratio of the member (2), defined
by the relationship between buckling length and radius of gyration. The geometric
slenderness allows one further alteration to Equation 2.9.
T

n^E

Lrr/i

n^E

(X = n
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Buckling may be generically be defined as a compressive failure at some stress below
the yield stress of the material. The limiting value for the elastic critical stress occurs at
the limit of elasticity of the material, the yield stress {fy). Coincident with the limiting
critical stress, there is a limiting slenderness (X,i). Inputting the yield stress into Equation
2.9 in place of the elastic critical stress gives the limiting slenderness.
G.cr.max = fy

n^E

fy =

n^E

(Ai)2 =

17

(Equation 2.11)

The final slenderness term is the non-dimensional slenderness (A). This term is simply
the geometric slenderness (X.) normalised by dividing it by the limiting slenderness (X.i)
(12). Accordingly, a non-dimensional slenderness of 1.00 corresponds to material
yielding (elastic limit or yield stress).

(4^

71

Gr

fy
Gr

TT

A=

fy

(Equation 2.12)

A common theme throughout EC3 is the use of the method of expressing slenderness
based on material yield stress and elastic buckling characteristics (12). Figure 2-7 shows
this relationship for common steel grades and thicknesses, in tabular form.
THICKNESS FIANGE
(mri)

YIELD STRENGTH/
(NVrnrf)
^

S275

t<l6

275

86.8

S275

16 <t^40

205

88.4

S355

t<l6

355

76.4

3305

16 <t^40

345

77.5

STEEL GRADE

A

Figure 2-7 Steel grades and limiting slenderness (12)
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2.3 Lateral torsional buckling
Euler’s theory of buckling proposes a form of failure where an initially straight
compression member fails due to bowing into a sinusoidal shape at the elastic critical
load. His theory suggests that for equal unrestrained lengths, buckling will occur about
the weaker (zz) axis when 4^ <

iyy.

Flexural buckling is the general name for Euler

buckling. However, the term ‘flexural buckling’ often refers specifically to Euler
buckling about the major axis of the section. Similarly, the term lateral buckling can
refer to Euler buckling about the minor axis. Flexural buckling is concerned with
column members.
Real members such as UB sections or channel sections are often much weaker in flexure
about the minor axis. In geometric terms,

fy

= NT^, where N is a natural number. This

imbalance leads on to the next form of buckling, known as lateral torsional buckling
(LTB). Figure 2-8 shows a classic example of LTB, involving the twisting of a loaded
cantilever. LTB is a beam buckling failure mode involving the section twisting about its
minor axis. LTB can only occur when the member bends about its major axis.

II
Figure 2-8 Lateral torsional buckling (LTB) in a cantilever (11)
Figure 2-8 shows a cantilever loaded in its stiffer principal plane (about the major axis);
this particular UB member does not have sufficient lateral stiffness and thus buckles out
of plane. LTB failure occurs because the unloaded axis (zz) is significantly less stiff
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than the loaded axis (yy). It follov/s that LTB cannot occur in a beam loaded about its
weaker axis (11). Square hollow sections are not susceptible to LTB failure since their
flexural resistance characteristics are equal about both axes. Similarly, LTB does not
affect circular hollow sections.
Figure 2-9 shows a model (produced using LUSAS Finite Element software) of a plate
girder. The most common use for such members is in bridge applications. The girder is
subject to a uniformly distributed load (UDL) in the direction of gravity (downwards).
This particular beam is 16m long, 900mm deep and 200mm wide. The key to Figure 2-9
shows the thicknesses of each individual plate member. Failure of the member due to
LTB is evident in Figure 2-9.
Thickness =0.030m
Thickness =0 015m
Thickness =0.01 Om

Figure 2-9 LTB in a plate girder
It is important to note that like flexural buckling in columns, there are ‘higher order
modes’ in the LTB analysis of beams. This means that while the first girder failure
mode shown in Figure 2-9 exhibits one twist, it is theoretically possible to have multiple
twists along the cross section as indicated in Figure 2-10.
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The first mode of LTB failure shows one bow It occurs at a load of
1.125kX m The corresponding midspan moment is 36kXm

The second mode of LTB failure shows two bows It occurs at a load of
5.75kX m The corresponding midspan moment is 184kNm

The third mode of LTB failure shows three bows It occurs at a load of
8 025kN m The corresponding midspan moment is 256 8kXm
It is important to note that this mode shows evidence of significant web
buckling near the suppons and as such should be viewed as a mode
indicative of an interation between two forms of buckling.

Figure 2-10 Plan view of the first three LTB failure modes of a plate girder
2.3.1

Elastic critical moment

In Euler’s strut-buckling theory, the elastic critical force determined the capacity of the
member to resist buckling. Similarly, in the analysis of LTB in beams, an elastic critical
moment {Mcr) exists. However, no guidance is given in EC3 regarding formulae for the
elastic critical moment. The online Eurocode steel resource Access Steel, in one of its
NCCI documents (SN002a) (17) recommends the following general formula (allowing
for the effect of destabilising loads) for McP.
= r iE!£k
(kLVg

(kL^GIt
n^EI,

+ (C2Z^) — C2Zg j

(Equation 2.13)

(Equation 2.14)

where:

E

(Young’s) Elastic Modulus of steel (210GPa),

G

Shear Modulus of steel (81GPa),

L

Length of beam.
Second moment of area about major axis.
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Second moment of area about minor axis,
Torsional constant,

It

Warping constant.

g

Correction factor for increased curvature with bending.
End rotation factor (on plan).
End warping factor.

C], C2

-

bending moment diagram factors.
shear centre location factor.

Equation 2.14 defines the correction factor for increased curvature with bending and is
governed by the ratio of the minor axis second moment of area (T) to the major axis
second moment of area (7^). Conservatively, this ratio is equal to zero, thus simplifying
Equation 2.13 to Equation 2.15.

=

t+

Mcr —

(Equation 2.15)

The factor k relates to end rotation of the beam (or beam segment) on plan. It is
analogous to the buckling length factor proposed by Gardner (12) for flexural buckling
of columns. The Access Steel NCCl document SN003a (18) recommends that k equals
to 1.00 unless other values may be Justified through further analysis. The factor
relates specifically to warping fixity at the supports and again SN003a recommends a
value of 1.00, unless specific warping fixity provision is made. For pinned supports,
both k and

are equal to 1.00, thus simplifying Equation 2.15 to Equation 2.16.
=

+

- C2Z^ (Equation 2.16)

Mcr —

The parallel axes theorem allows for easy calculation of both f and f. Alternatively,
SCI publication P363 (19) contains section properties for all common UK steel sections.
For doubly symmetric I-profiles (and H-profiles), SN003a provides the formula for the

[Tork institute or lecUu^
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shown in Equation 2.17. The derivation of this

formula is provided by Trahair et al. (11).
lz{h-tf)

=------------ (Equation 2.17)
4

where:

Second moment of area about the minor axis.
Depth of the section.
Thickness of the flanges.

The Canadian Institute of Steel Construction (CISC) (20) uses the symbol

to denote

the warping constant and provides a slightly different formula for its calculation (see
Equation 2.18), citing the 1968 work of Galambos (21) and the 1991 work of Picard and
Beaulieu (22).
„

{d'Yb^t

~—~— (Equation 2.18)
24

d' = d — t
where:

d

-

Overall section depth.

h

=

Width of the section,

t

-

Flange thickness.

The CISC and Access Steel formulae give very similar results, as shown in Figure 2-11.
The main difference between the two is that the CISC formula conservatively ignores
the root radii (or weld fillets) and does not take account of the ability of the web to
resist lateral warping; it is effectively a flange only method. The Access Steel formula
includes the second moment of area about the minor axis and in this regard allows for a
contribution by the web of the member. The root radii may or may not be included.
If full FE analysis of the cross section is used to calculate L, then the Access steel
formula will give a more accurate result for the warping constant when compared with
the CISC results, as the Access Steel formula does not neglect the root radii. However,
in hand calculations, it is usual to ignore the root radii or weld fillets. Thus, the
modelled section resembles those in Figure 2-17, made up of three rectangular sections.
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If such hand calculations lead to the determination of L, then the Access Steel formula
will give results closer to the CISC values. It is important to note that the contribution of
an unstiffened web to warping resistance is negligible.
\V610xl25

(Difference from FK.\)

Iz

Iw

A

xlO^’mm'*

xlO'^mm*

%

39.2350

3442.2608

0.31

Not required

3441.7700

0.32

39.3098

3448.8233

0.12

CISC section properties (23)

39.3000

3447.9635

0.14

Full LI SAS FEA

39.3566

3452.9293

N/A

(Canadian Section)

Access Steel Formula
CMSC Formula
LESAS FEA

(Ignore fillets)

Figure 2-11 Calculation of the warping constant

for W610 x 125 section

In Figure 2-11, both the Access Steel and CISC formulae calculations are based upon
neglecting the influence of fillets or root radii. The CISC section properties table values
are determined using an FEA that neglects the influence fillets and when compared with
the first LUSAS FEA carried out for this project, any variation is due to mesh density.
The final FEA is conducted using the exact cross section, taking account of the web and
fillets and using a dense mesh. This is the most accurate result and all other results are
compared to this standard, as shown in Figure 2-11.
The torsional constant (/,) is also called St. Venant’s torsional constant. In American
(24), Canadian (20, 23), and British (1) Standards, the torsional constant is J. In basic
torsional theory (see Equation 2.19), the torsional constant is the polar second moment
of area of a circular cross section, which is equal to twice the second moment of area of
the cross section (see Figure 2-12).
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Circtf:

>-*-7
d

R

A.-

It= 2 /„ -

Hit*
32

_

xR'
32

4

nR*
2

Figure 2-12 Geometric properties of a circle (25)
6 = TL/Gf
where:

(Equation 2.19)

0

=

Angle of rotation (in radians),

T

=

Applied torque (in Nm),

L

-

Length of the member,

G

-

Shear Modulus,

It

=

Torsional constant.

The torsional constant does not have an exact solution for non-circular sections, thus
approximations are required. The validity and accuracy of such approximations is a
subject of much research. Equation 2.20 is the most basic approximation for the
torsional constant of any open shape (such as a channel, UB, or UC section). Although a
basic approximation, Seeley and Putnam in commentary on the work of El Darwish and
Johnston (26), point out that in some cases, this basic equation exhibits less variation
than their more complex experimental values. They contend that since this equation
ignores both end conditions and section restraint conditions that the errors tend to cancel
out.
h

y
^

3

(Equation 2.20) (11)

The CISC recommend (20) the use of Equation 2.20 for any hand calculations of 4 for
all doubly symmetric wide flange shapes (equivalent to British UB and UC shapes).
The use of overlapping areas to account for the stress concentration at the root radius (at
the interface between the web and flange) forms the basis of the more complicated
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approximations for the torsional constant. This idea, first proposed by Trayer and March
in their 1930 work (27) for NACA (now NASA) in the United States derived from an
analogy with membrane theory. Figure 2-13 shows a reproduction of their formulae
presented by Kraus and Kindmann in 2009 (28).

It =-bt^
T

3

g

1-0.63

t.

+ 3(h-2.tJ.t^+2.a.D^

D

(*g

+ *s ■('' + *s

D

2 r f t,

a = 0.1—+ 0.145
‘g

Figure 2-13 The Trayer and March approximation for It (28)
Trayer and March’s work forms the basis of later approximations, including the
formulae developed by El Darwish and Johnston (26) at the University of Michigan in
1964. Figure 2-14 shows the particular formula for an American wide-flange beam
section (similar to a British UB or UC section). The El Darwish and Johnston formulae
are used by both the American Institute of Steel Construction (AISC) (24) and The Steel
Construction Institute (UK) (29) to develop the /, values for their respective sections
(11).

420i;
where

a, = -0.0420 + 0.220-- + 0.136

tR

R

r

0.0865-V-0.07254
V
V

D, =

(t/+ R^ + K

Figure 2-14 The El Darwish and Johnston formulae for It(J) (26)
Recent German research by Kraus and Kindmann (K&K) (28) has shown that the
Trayer and March (T&M) formula (upon which El Darwish and Johnston based their
work) is not appropriate for some European steel sections. In general, the error is in a
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reasonable range between 97% and 104% of the actual FEA-based values (as shown in
Figure 2-15). There are particular sections such as the HP 320 x 88, for which the T&M
formula returns an overestimate of 129% of the FE results (28). Based on the results of
their FE analysis, K&K developed a new set of formulae for European sections, where
the error arising was an overestimate of less than 1.1%. Figure 2-16 shows their
formulae. One of the main reasons for the accuracy of these new formulae is that FEA
was used in their derivation and so the formulae do not rely on overlapping sections to
account for the stress concentrations. It is important to note that K&K did not examine
British sections (although neither did T&M).

Figure 2-15 T&M and K&K results for f compared to FEA predictions (28)

L =-•t^(b-a) + 2(h-2•d)•e+a■d®•a
I

o

g

o

s

a

ft
U

d = D; a =
d

f----------------d-t y
2

a =0.46-0.5(d/a-1.15

Figure 2-16 Kraus and Kindmann approximation for f (28)

In Equation 2.16, the term Zg denotes the shear-centre location factor. Figure 2-17
shows that under normal (gravity loading) Zg is positive for loads acting towards the
shear-centre from their point of application (18). It is common to assume that Zg is equal
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to zero, as all loads act through the shear-centre. This assumption further simplifies
Equation 2.16 to Equation 2.21.

1

I

?,<

0

Figure 2-17 Calculation of the shear centre factor, Zg (18)

M„ = C

(Equation 2.21)

The final values required for the elastic critical moment formula are the Ci and C2
terms. Whilst C2 no longer has an impact on Mcr(see Equation 2.21), it is still important
to show its relationship with Cj. The two ‘C’ terms are the bending moment diagram
factors. They allow primarily for the effect of loading and support conditions. The C
factors depend on the ratio shown in Equation 2.22 and thus allow for the effect of
section properties.

K

= —^ =

2.6(—(in the case of steel)

(Equation 2.22)

For example, a 610 x 229 x 140 UB section spanning 4m in S275 steel has an actual

k

value of 0.30. It is conservative to assume that this section has no warping resistance (Iw
= 0) and therefore

k

= 0.00. This assumption leads to conservative values for Ci and C2.

Access Steel NCCl document SN003a-EN-EU (18) provides values for Cl and C2 for
all doubly symmetric cross sections (UB’s and UC’s) based on this assumption for three
separate cases:
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•

Member with end moments only,

•

Member with transverse loading (simple construction, see Figure 2-18),

•

Member with end moments and transverse loading.

Vaiues offactors Ci and C2 for cases with transverse loading (for k = 1)

Loading and support
conditions

Bending moment diagram

f------------------------ 1

1

i

'"■■'■I

1------------------------- 1
Note

r""]

c,

Q

1.127

0.454

2,578

1.554

1,348

0.630

1 683

1 645

the critical nnoinent Mg is calculated for the section with the maximal moment along the member

Figure 2-18 Ci and C2 factors (18)
In the same manner that the elastic critical force (Ncr) influences the non-dimensional
slenderness (A) in Euler buckling analysis, the elastic critical moment (Mcr) affects the
non-dimensional slenderness for lateral torsional buckling (A/^7) in beam analysis.
Equation 2-23 shows the non-dimensional slenderness for lateral torsional buckling.

Alt —

where:

Mr

(Equation 2.23)

^LT

Non-dimensional slenderness for LTB,

w,

Appropriate section modulus.

fy

hfcr

Matt Clifford
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Design yield strength of steel.
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M.Eng. in Structural Engineering

28

Optimisation of coldformed purlin cross-sections

Chapter 2: Buckling Theory

2.4 Torsional buckling
Torsional buckling is a failure mode associated with thin-walled open cross sections
such as cruciform sections. Torsional buckling is a strut (or column) failure mode.
Doubly symmetric sections fail in the same way as the cruciform section shown in
Figure 2-19, by twisting through an angle (j).

Figure 2-19 Torsional buckling of a cruciform section (11)

Torsional buckling analysis is very similar to flexural buckling analysis. Torsional
buckling (TB) occurs when the elastic critical load for torsion {Ncrj) is reached. For
most hot rolled sections (such as UB and UC sections), Ncrj is greater than the elastic
critical load about the minor axis {Ncr,z) and thus torsional failure modes may be ignored
(11), since minor axis flexural buckling is the critical buckling mode. Equation 2.24
shows the elastic critical force for torsion:
Wcr,r=-^(G/t + 7%)

where:
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Torsional buckling length.

Git

Torsional rigidity.

(Equation 2.24)
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Warping rigidity,
Shear-centre location factor.

The distance between inflection points for torsional buckling is the torsional buckling
length, Lcrj- It is analogous to the buckling length for Euler column analysis and is
dependent upon the restraint conditions at the support, particularly warping and
torsional restraint. IS EN 1993-1-3 (4) introduces a torsional length coefficient similar
to that proposed by Trahair et al. (11) for flexural buckling. If a connection provides
partial restraint against warping and torsion, then the torsional buckling length equals
the member length. If the connection provides significant resistance to warping and
torsion, then the torsional buckling length is equal to 0.7 times the actual length. No
guidance is given on the definition of ‘partial’ and ‘significant’. The values for buckling
length in Figure 2-2 give an acceptable estimate for torsional buckling length. It is vital
that such connections provide restraint against warping The shear-centre location factor,
//, is the sum of the polar radius of gyration squared and the coordinates of the shear
centre of the section (relative to the centroid of the section) squared. For doubly
symmetric sections, the shear centre and the centroid coincide. Thus, the shear-centre
location factor simplifies to the polar radius of gyration squared. Equations 2.25 and
2.26 show the shear-centre location factor.
(Generally)

io = ip + To +
•

to

2

-2

=

(Equation 2.25)

(Doubly symmetric sections) (Equation 2.26)

h

For a given cross-section, the radius of gyration about any axis is found by obtaining the
square root of the second moment of area about that axis divided by the cross sectional
area, as shown in Equation 2.27:
^xx /

/

1-

(Equation 2.27)

The polar second moment of area is required to calculate the polar radius of gyration.
The polar second moment of area is the sum of the second moments of area about the
major and minor axes respectively, thus modifying the general equation for radius of
gyration (Equation 2.27) to give Equation 2.28:
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(Ip)Ia =

h

(^y + 4)y

A

2 _ (^y+4)/
V

(Equation 2.28)
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Torsional buckling failure only occurs in thin cross sections with low torsional and
warping rigidities (see Equation 2.24). The section must be doubly symmetric for pure
torsional buckling to occur. In monosymmetric or asymmetric sections with low
torsional and warping rigidities an interaction-buckling mode known as torsional
flexural buckling (TFB) will occur. Angle sections are particularly susceptible to TFB
failure. TFB does not affect doubly symmetric cross sections such as UB, UC or
cruciform sections.
1'rahair et al. (11) give a cubic equation (Equation 2.29) based on the work of Trahair
(30), Timoshenko and Gere (31), and Galambos (21) for the calculation of the (lowest)
elastic critical buckling force for torsional-flexural buckling, Ncr^cr (g “To ~ •^O ) “ ^cr (g (^cr,y "b Ncr,z T ^crj) ~ To (^cr,z)
^0 (^cr,y}} T Ncr 4 {^cr,y^cr,z T ^cr.z^cr.r "E ^cr.T^cr.y}

(Equation 2.29)

Ncr.yNcr.zNcrJ^O ~ ^
where:

Ncr

Elastic critical force for torsional-flexural buckling.

^N’ cr,y

Elastic critical force (about major axis).

Ncr.-.

Elastic critical force (about minor axis).

Ncr,T

Elastic critical force for torsion.

For a doubly symmetric section, the formula given by Trahair et al. simplifies to
Equation 2.30.
Ncr

(4 ) ~

{4

i.^cr,y T Ncr,z ”b

Ncr,zNcr,T ~F Ncr,TNcr,y^

^cr,T)} ”b Ncr 4

Ncr,yNcr,zNcr,T^p

(^cr,y^cr,z d"

^

(Equation 2.30)

Figure 2-20 shows Trahair et al.’s formula for the lowest elastic buckling load, of a
75mm x 100mm x 6mm angle section. It is clear from the graph that the critical
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buckling load for torsional-flexural buckling {Ncr) is less than both the elastic critical
load (about either axis) and the elastic critical load for torsion.

(b) Elastic buckling loads
Figure 2-20 Elastic buckling of a simply supported angle section column (11)
For monosymmetric sections, symmetric about the major (y-y) axis, where zq (from
Equation 2.24) equals zero, IS EN 1993-1-3 (4) gives the equation for the elastic critical
force for torsional-flexural buckling (see Equation 2.31).

N.cr,TF

_ Ncr.y
-

2p

where

l^crjF

1

t^cr.T
-

cr,y

“F 4

&

t^cr,T

(Equation 2.31)

'•cr,y

Elastic critical force for torsional-flexural buckling

2.5 Web buckling
In cold formed steel design to IS EN 1993-1-3 (4), the cross section is idealised as a
series of plate members connected by springs of various stiffnesses. This model
facilitates both hand calculations and FEA. The finite strip method is usually used to
analyse such sections. The finite element method discretises the entire member into
many triangular or quadrilateral elements. However, as the name suggests, the finite

Matt Clifford

M.Eng. in Structural Engineering

32

Optimisation of coldformed purlin cross-sections

Chapter 2: Buckling Theory

strip method discretises the member into a series of strips. This means that the web of
the member is acting like a series of columns with spring supports top and bottom,
subject to compressive loading (due to the shear forces caused by transverse loading).
Over the supports, this shear (compressive) force is at its maximum and since the web
of a cold formed member commonly exhibits a high c/t ratio, one of three local failure
modes may occur:
•

Web crushing,

•

Web crippling, or

•

Web buckling.

These three failure modes are commonly (albeit erroneously) referred to, in a general
manner as ‘web buckling’.
Web crushing involves the yielding of the material directly adjacent to the
(compression) flange (32) at the support in continuous members, or around the cleat in
simply supported members. Web buckling is the term given to a flexural buckling
failure of the web. This is not an overall buckling failure, as it only occurs in the web at
the support (or point of high shear). Web buckling is, in effect, a form of‘local-flexural
buckling’, caused by the high shear forces. Whilst purlin and sheeting rail systems are
not usually required to transmit point loading, they can do so. In such cases, high shear
forces are not just confined to the area near the supports and therefore web buckling
does not just occur at the supports, it may occur under point loads or in any area in
along the member where the shear force exceeds the transverse resistance of the web
{Rw,Rd)- Web crippling describes a form of failure whereby localised buckling of the web
beneath the transversely loaded flange is accompanied by web crushing and plastic
deformation of the flange (32), effectively it is an interactive failure mode. Figure 2-21
shows the results of non-linear FEA research by Macdonald and Fleiyantuduwa (33)
into web crippling in cold-formed channel sections.
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Deformed FE model OdXSYS)

Figure 2-21 Web crippling in cold-formed channel section (33)
In IS EN 1993-1-3 (4), the resistance of the web of a cold-formed member (Rw.Rd) is
influenced by the location and size of internal stiffeners, the thickness of the cross
section and by support conditions.

2.6 Shear buckling
For thin walled sections subject to shear, the traditional approach is to investigate shear
plate buckling in the web alone and to ignore the behaviour of the whole section
including the flanges (34). The shear buckling stress of an elastic rectangular plate is
given by Timoshenko and Gere (31) as shown in Equation 2.32.

ky

Ter

n^E

12(1 -v2)

= 5.34 +

(V(a/fc,)0
Width of the plate.

where:

Matt Clifford

(Equation 2.32)

t

=

Thickness of the plate,

kt)

=

Shear buckling coefficient (for a plain plate).

a/bi

=

Aspect ratio of the plate.
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Timoshenko and Gere’s formula has been modified in IS EN 1993-1-3 (4) by the use of
a different shear buckling coefficient to allow for a stiffened web, as shown in Equation
2.33.

/y
K = 5.34 +

where:

4

I

\ 1/3

^ Vs J

(Equation 2.33)

Second moment of area of the stiffener about a-a,

Sd

=

Total developed slant length of the member.

(See Figure 2-22)

Figure 2-22 Longitudinal stiffened web notation (4)
Analysis of the resistance of the cross-section to shear has been carried out by Johns
(35), Ko and Jackson (36), Yi et al. (37) and more recently by Pham and Hancock (34),
Johns’ 1970 work for the British Aircraft Corporation focused on the analysis of
isotropic and orthotropic plates, to determine the shear-buckling load for plates,
commonly used in the skin of aircraft. Johns used the differential equation developed by
Southwell and Skan (38) and gave a full explanation of the implementation of the
equation. Southwell and Skan’s equation is shown in Equation 2.34.

^

\d'^w

. ^r

1 .

s^w
SxSy
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(Equation 2.34)
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Johns’ conclusions relate to orthotropic plates intended for use in aircraft body
panelling. However, his results apply equally to orthotropic structural members such as
trapezoidal cladding:
1. ‘For short plates in compression, a higher buckling stress is obtained with the
larger flexural rigidity in the direction of the load.
2. For plates under shear, higher buckling stresses result when the larger flexural
rigidity is in the direction of the shorter side than when it is in the direction of
the longer side.’ (35)
In 1994, Ko and Jackson investigated the shear buckling behaviour of a stiffened hat
plate (see Figure 2-23) for use in structural panels of the fuselage of hypersonic aircraft.

Figure 2-23 Hat-stiffened panel under shear loading (36)
Ko and Jackson analysed local and global buckling failure modes using classical
formula similar to those used by Johns. They also employed Percy of Mc-DonnellDouglas aircraft manufacturers to carry out FE analysis on the plates. Their results (see
Figure 2-24) show that local buckling occurs at a stress of approximately 25% of that of
global (overall, flexural) buckling. FE results compare favourably with classical local
buckling theory, giving a result approximately 14% more conservative. Figure 2-24
shows Ko and Jackson’s results, presented in United States Customary System (USCS)
units. Ko and Jackson conclude that a stiffened-hat section subject to shear loading will
fail through local buckling.
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Conparison of shear buckling loads
Case

ir’
Ib/in

Local budding

1,054

Global buckling
W Percy’s finite dement

4.296

25,296
103,107

900

21,600

lb

Figure 2-24 Results of analysis for shear buckling of stiffened-hat (36)

Both Johns and Ko and Jackson investigated shear buckling in plate members for the
aerospace industry and these results translate easily to sheeting members used in the
construction industry, such as the trapezoidal sheets (see Figure 2-25) investigated by
Yi et al. (37).

HonMr«al
Panel
Indined
Pine)

2 3

Figure 2-25 Trapezoidal sheeting modelled using FEA subject to shear (37)

Yi et al. investigated the interaction of local and global (overall) buckling modes in
trapezoidal steel sheeting (as shown in Figure 2-26).
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Figure 2-26 Buckling failure modes for trapezoidal sheeting (37)

Yi et al. concluded that it is not the material yield strength or inelasticity of the material
that has greatest effect on the interactive buckling mode but that the section geometry is
the governing factor. They propose a minimum trough depth of ten times the sheet
thickness and maximum trough width of 20% the length of the trough.

0.2

-<

h

->

t

10

(Equation 2.35)

There is much research available relating to the behaviour of both stiffened and
unstiffened plates subject to shear loading. However, it was not until 2007 that F^ham
and Hancock (34) carried out research into the behaviour of an entire channel cross
section subject to shear loading. Until then it was usual to assume that the web resisted
all shear loading with no contribution from the flanges and to use the results of research
such as that carried out by Johns (35).
Timoshenko and Gere’s (31) formula for the shear buckling stress of an elastic
rectangular plate (as shown in Equation 2.32) is still valid. The research question for
Pham and Hancock lay in the validity of the formula for the shear-buckling coefficient
(kv). They used a finite strip model to analyse a channel section subject to four different
cases of shear loading (as shown in Figure 2-27) and produced curves to give accurate
shear-buckling coefficients for a selection of 200mm deep, 2mm thick channel sections
of various widths. They conclude that the contribution of the flange to shear resistance
is directly proportionate to the depth to width ratio of the section.
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Cane A

Case B

(a) Case A & Case B

Case C

(b) Case C

CaseP

(c) Case D

Figure 2-27 Pham and Hancock’s four shear loadcases (34)
The flange to web ratio versus shear-buckling coefficient curves produced by Pham and
Hancock allow a more accurate prediction of the shear capacity of the cross section.
Their curves for the unstiffened channel section are shown in Figure 2-28. Pham and
Hancock also demonstrated in their research that the lack of a lateral restraint for
sections with narrow flanges can lead to premature buckling of the section in a twisting
and lateral buckling mode about the minor axis (34).
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Figure 2-28 Pham and Hancock’s curves for an unstiffened channel section (34)
The only criticism of Pham and Hancock’s work is that it is very specific; it applies
only to a 200mm deep, 2mm thick channel section. If either depth or thickness is
changed, then Pham and Hancock’s results are not applicable. Their research should be
viewed as a template for design against shear buckling for any cross-section size or
design.

2.7 Distortional buckling
Distortional buckling also known as ‘stiffener buckling’ or ‘local-torsional buckling’, is
a mode of buckling characterised by rotation of the flange at the flange-web junction in
a strut with edge stiffened elements (39). Distortional buckling occurs where edge (or
intermediate) stiffeners fail to prevent local displacement of the nodal points (32).
Distortional buckling is very similar to local buckling as both modes involve a change
of shape occurring in the cross section. Figure 2-29 shows the effect on the crosssection of both modes.
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Flexural

n

1
Global (0\''eTZ>B) Failure Modes
Member buckles along its length

J

Distortional

n
Local Faihire Modes

\

Cross-section of member fails

.A

Figure 2-29 Elastic buckling modes (after Schafer and Pekoz (40))
Flexural buckling and torsional buckling affect the member longitudinally, in that the
beam or column fails by moving out of plane or twisting about an axis. Local buckling
and distortional buckling are analogous failures affecting the cross-section rather than
the length of the member. Distortional failure modes for both channel, Z and optimised
cross-sections are described in detail by Schafer (39). Figure 2-30 shows the effect of
distortional buckling on various cross-sections.

He,-

■"1

a)

d)

-A

Figure 2-30 Distortional buckling (4)
Distortional buckling was first described by researchers investigating aluminium in the
aerospace industry in the 1960’s (39). Eurocode 3 (4, 5) is the first code in the UK and
Ireland to provide for the effects of distortional buckling. BS 5950 (1) did not cover
distortional buckling. Distortional buckling occurs at higher stresses than local buckling
and has a slightly longer wavelength than local buckling, but a shorter wavelength than
flexural buckling (as shown in Figure 2-31).
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Figure 2-31 Buckling stress versus (half) wavelength (4)
The wavelength of the buckling mode determines the number of curves in a failure
mode. In flexural buckling, the wavelength is equal to the buckling length of the
member and thus the member will ‘curve’ into one (half) sine wave between each
support, dhe wavelength for local buckling is much shorter and determines the
characteristic ‘wrinkling’ of a member associated with local buckling. Distortional
buckling causes a similar (if less pronounced) wrinkling along the length of the member
but its effect on the cross-section is slightly different (see Figure 2-31 and Figure 2-32).

Distortional

rs

Local

/•

/L
Figure 2-32 Distortional and locally buckled channel sections (columns)
The crucial difference between distortional and local buckling is that in local buckling
the angle between the flange and the web is maintained, because the web-flange
interface (modelled as a spring in Eurocode 3) has not failed. The web and flanges each
independently exhibit a kind of cross-sectional flexural failure.
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In distortional buckling, the web-flange interface fails before the flanges buckle and
thus the section twists in on itself, exhibiting a local-torsional buckling due to flangeweb interface failure. In the case of a plane channel section, the flanges act as stiffeners
for the web and hence distortional buckling is also known as stiffener buckling.

2.7,1

Factors affecting distortional buckling

In a similar manner to shear-buckling, distortional buckling is greatly affected by the
ratio of length of web to the length of the flange. Distortional buckling is also affected
by the flange to lip stiffener ratio and the overall depth of the section. Schafer (39) gives
the following recommendations:
•

An approximate section width to depth ratio of (b/h ==) 1/3 should be used.

•

Lips (length = c) should be longer than currently used in practice (c/b ~ 1)

•

Deeper sections lead to lower distortional buckling stresses; the relationship
appears to be approximately linear.

Schafer points out that the interaction between flange, lip, and web is complex and that
no simple criteria to fully incorporate this behaviour have been developed to date.
Schafer’s recommendation regarding lip extension goes against the limiting criterion of
c/b <0.6 given in Table 5.1 of IS EN 1993-1-3 (4).

2.8 Local buckling
As described, in section 2.6, local buckling is an elastic buckling failure associated with
columns and the compression flanges of beam members. The distinctive ‘wrinkling’ of
the compressive elements due to the short buckling wavelength makes local buckling
easy to recognise. This is shown in an FEA model in Figure 2-33 and the classic
experimental result is shown in Figure 2-34.
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ftfttffftrf

Figure 2-33 Local buckling in a compression member (FE model)

Figure 2-34 Local buckling of the compression flange of a UB section (11)

Local buckling modes (local buckling and distortional buckling) or interaction modes
are usually the critical failure criteria for thin members. Because of this, these buckling
modes are treated very differently in Eurocode 3 than flexural or lateral torsional
buckling.
The first step in the design of any member subject to compression is to classify the
section based on the susceptibility of the section to local buckling failure. There are no
specific formulae associated with local buckling modes; rather local buckling
classification permeates every formula in Eurocode 3. Different formulas apply for the
analysis of a cross-section depending on its c/t ratios and the reduction in section
strength caused by local buckling effects.
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3 Steel design to Eurocode 3

3.1 IS EN 1993-1-1: General use
3.1.1

Section classification and local buckling

IS EN 1993-1-1:2005 (7) covers the design of hot rolled steel members for general use
in buildings.
The first step in the design of any steel member to IS EN 1993-1-1 is to pick a suitable
steel grade and classify the section. In IS EN 1993-1-1, there are four distinct section
classes, defined based on the extent to which the resistance and rotation capacity of a
cross section are limited by its local buckling resistance, as shown diagrammatically in
Figure 3-1.

Sections which have full plaisUc

Qass 1 moircnt and hinge rotation capacity.
Sections which have full plastic

Class 3

Class 2 moment capacity but yiot sufficient
hinge rotation capacity

Qass 4
Rotation
Figure 3-1 Classification for local buckling (41)
Broadly speaking, the Eurocode 3 classifications shown in Figure 3-1 eorrespond to
those used in BS5950. There are slight variations in the thresholds based on Eurocode 3
using S235 as its base steel, whereas BS5950 uses S275 as its base. Figure 3-2 shows a
comparison of the local buckling classes.
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IS EN 1993-1-1:2005(7)

BS5950-1:2000(1)

Class 1

Plastic

Class 2

Compact

Class 3

Semi Compact

Class 4

Slender

Figure 3-2 Local buckling classes in EC3 and BS5950
The classes, as listed in IS EN 1993-1-1 are as follows:
•

Class 1 cross-sections are those that can form a plastic hinge with the rotation
capacity required for plastic redistribution of moments without reduction of the
resistance.

®

Class 2 cross-sections are those that can develop their plastic moment resistance,
but have limited rotation capacity because of local buckling.

•

Class 3 cross-sections are those in which the stress in the extreme compression
fibre of the steel member (assuming an elastic distribution of stresses) can reach
the yield strength, but local buckling is liable to prevent development of the
plastic moment resistance.

•

Class 4 cross-sections are those in which local buckling occurs before the
attainment of yield stress in one or more parts of the cross-section.

Class 4 sections arc susceptible to local buckling and to account for this, reduced
section modulii are required for the design process. The concept of ineffective areas in a
slender compression member forms the basis of these effective section properties.
Figure 3-3 provides an example of this, showing the compression flange of a class 4,
cold formed channel section.
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Figure 3-3 Effective section (shaded) (4)
The classification process is broadly similar to the method in BS5950-1:2000 (1).
Indeed for the 103 widely available British UB and UC sections (42) in S275 steel
tested during this project, only one section; the 203x203x46 UC is classified differently
using the IS EN 1993-1-1 and BS5950-1 methods. In the Eurocode, this UC section is
Class 1 but in classification to BS5950, this UC is compact (class 2). In S355 steel, 12
UB and UC sections attain different classifications in Eurocode and British Standards.
In all cases, BS5950 is more conservative.
This classification difference is primarily due to the yield strength correct factor (e), a
factor that relates to the steel grade used in design. In Ireland, steel grades are chosen
from IS EN 10025-2 (43) with S275 and S355 being the most commonly used hot rolled
steel grades in Ireland and the UK.
The yield strength correction factor, 8, is calculated on the lowest grade steel used in
Europe, S235. This factor is required for section classification as defined in IS EN
1993-1-1. Figure 3-4 shows a snapshot from Table 5.2 of IS EN 1993-1-1, which covers
the definition of and calculation of e.
= V235/f^

fy
c

235
1,00

275
0,92

355
0,81

420
0,75

460
0,71

Figure 3-4 Table 5.2 of IS EN 1993-1-1; yield strength correction factor, 8 (7)
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The section classification process in Eurocode 3

In IS EN 1993-1-1, section classification is a five-step process:
1. Pick a suitable trial cross section.
2. Select the steel grade.
3. Classify the web of the member.
4. Classify the flanges of the member.
5. Obtain an overall section classification based on the worst case of 3 and 4.
The trial section is picked first so that the yield strength {fy) and ultimate tensile strength
iju) can be defined through the use of Table 3.1 of IS EN 1993-1-1, which is a
simplified version of the material properties listed in IS EN 10025-2 (43). The use of
the simplified table will give slightly less conservative strength values (approximately
3.6%) but will not affect section classification. The Irish National Annex to IS EN
1993-1-1 allows for the use of the simplified values in Table 3.1 ofISEN 1993-1-1 but
comments upon on the potential unavailability of some steel grades. The recommended
steel grades for use in Ireland are S275 and S355. Figure 3-5 shows a snapshot from
Table 3.1 of IS EN 1993-1-1.

Nominal thickness of the element 1 [nun]

Standard
and
steel grade

t < 40 nun

40 mm < t < 80 mm

ty [N/nmf ]

fa (N/nim‘]

fy (N/mnf ]

I'a [N.'^iim^]

235
275
355
440

360
430
510
550

215
255
335
410

360
410
470
550

EN 10025-2
S235*
S275
S355
S450*

Check with supplier for availabiliw in Ireland. (Ref Irish NA to IS EN 1993-1-1)

Figure 3-5 Table 3.1 of IS EN 1993-1-1; Nominal strength of hot rolled steel (7)
Once the yield stress has been determined, the web and flanges are (separately)
classified. Table 5.2 of IS EN 1993-1-1 contains the limits for the various classes and
the definition of the c and t dimensions for both web and flange members. Figure 3-6
shows a snapshot from Sheet 1 of Table 5.2.

Matt Clifford

M.Eng. in Structural Engineering

48

Optimisation of coldformed purlin cross-sections

Chapter 3: Steel Design to ECS

Internal compression parts
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a

c/t<42c

42e
0,67+0,3 3V

when Y<—1’* ; c/t< 62£(1-y)-7(“V)

Figure 3-6 Sheet 1 of Table 5.2 of IS EN 1993-1-1; Web classification (7)
There is a requirement to check the c/t ratio (for both the web and the flange) against the
appropriate limits given in Table 5.2 of IS EN 1993-1-1; from this, the worst-case
element represents the classification of the overall section. For example, if a section has
a class 1 web and a class 2 flange, then the overall section classification is class 2. The
section classification then informs the equations used in the ultimate limit state design
of the member, covered in section 6 of IS EN 1993-1-1.
3.1.2.1

Section classification example

A 254x146x37 UB section in S275 steel is required to span a particular gap as a floor
beam. Classify the section:

Matt Clifford

M.Eng. in Structural Engineering

49

Optimisation of coldformed purlin cross-sections

CIT Design Aids

Try

254xl46x37UB

(S275 steel to IS EN 10025-2:2004)

IS EN1393-1-1

Steel grade = S275

Table 3.1;

therefore for t^ = 10.9 mm

fy =
=

IS EN 1993-1-1

Chapter 3: Steel Design to EC3

275 N/mm*
430

254*146*37UB (S275)

/,. = 275 N/mm^

N/mm^

Section Oassification:

Table 5 2:

E

=sqrt( 235//,. ) = sqrt( 235/275)=

web, c/t =

0.92442

219 / 6.3 = 34.7619
=

37.6042 E <

72 E

therefore, class 1 web
flange, c/t =

62.45 / 10.9 = 5.72936
=

6.19781 E <

9 E

Section is class 1

therefore, class 1 flange
Class 1 section

Figure 3-7 UB section classification example
3.1.2.2 Column buckling
In IS EN 1993-1-1, local buckling effects are dealt with during section classification,
thus for a UC section in S275 or S355 steel, class 1,2 or 3 formulae will always be used.
Buckling resistance in section 6.3 of IS EN 1993-1-1 refers to the ability of a strut to
resist major axis flexural buckling, minor axis flexural buckling, torsional buckling, and
torsional-flexural buckling respectively. To confirm the buckling resistance of a class 1,
2, or 3 cross-section only one inequality needs to be satisfied (as shown in Equation
3.1).
N
' ‘^b.Rd

where:

NEd

=

< 1.0

(Equation 3.1)

Design value of the compression force.
Design buckling resistance of the compression member.

Nb. Rd

^b.Rd = X
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Cross-sectional area,

fy

=

Design yield strength,

Ymi

=

partial factor of safety (1.00 in Ireland/UK),
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Buckling reduction factor (< 1.00),

X- 1/(0 +

X=

Afy
Nr

(p = 0.5[l + a(A-0.2) +P]
X

=

Non-dimensional slenderness,

Ncr

=

Appropriate elastic critical buckling force,

a

=

Imperfection factor.

The imperfection factor is calculated using Table 6.1 and Table 6.2 of IS EN 1993-1-1
(7).
3.1.2.3 Laterally unrestrained UB section in flexure
In a similar manner to column buckling, in IS EN 1993-1-1 (7) only one inequality need
be satisfied to verify lateral-torsional buckling resistance (see Equation 3.2).
MEd

where:

MEd

-

Mb, Rd

(Equation 3.1)

Design value of the moment.
Design buckling resistance moment.

Nlb.Rd — Xlt

Appropriate section modulus.
for class 1 and 2 sections,
Weiy for class 3 sections.
Xlt
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Xlt — ^

0L7 + ^/0Lr

2

“2
~

Wyfy
Ait —

Mr

0 — 0.5[l + OCiri^LT ~ ^LT,o) A^LT

Non-dimensional slenderness for LTB,

Mr

Elastic critical moment,

P

0.75 (for rolled sections),

^LT,Q

0.40 (for rolled sections).

cti r

Imperfection factor for LTB.

The imperfection factor for lateral-torsional buckling is calculated using Table 6.5 and
Table 6.6 of IS EN 1993-1-1 (7).
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3.2 IS EN 1993-1-5: Plate members
3.2.1

The three approaches to design

IS EN 1993-1-5 (5) is used to design steel plate members within Eurocode 3. It gives
optional methods for the optimised design of class 1, 2 and 3 members, and covers the
design requirements for all class 4 members. It covers three broad approaches to plate
member design, as follows:
•

The effective width method (EWM)

•

The reduced stress method (RSM)

•

Finite element analysis (FEA)

The primary difference between EWM and RSM is that the former method assumes
only certain portions of the cross section are effective and design proceeds on the basis
of reduced section properties using the class 4 rules from IS EN 1993-1-1 (7). The latter
method assumes a fully effective cross section and if maximum stresses do not exceed
certain values, the section may be designed using class 3 rules.
EWM accounts for both the post-critical reserve in a single plate and for load shedding
across the cross-section and is particularly suited to standard geometries that do not vary
along the length of the member. RSM does not account for load shedding between
elements of the cross section. In a single plate element, EWM and RSM give the same
result.
The term ‘post-critical reserve’ in relation to EWM refers to the capacity of the member
to carry load after buckling has occurred but before yielding and collapse; this is often
known as post-buckling behaviour and can be quite difficult to model or predict in cold
formed steel members due to material and geometric non-linearity (44). Moen et al. (45)
and Rondal et al. (44) have both developed methodologies for modelling imperfections
and residual stresses in cold formed steel to more accurately predict the post buckling
behaviour of members using FEA techniques. Previous research into flexural residual
stresses carried out by Schafer and Pekoz (46) forms the basis of both of these
methodologies.
Load shedding is a redistribution of forces (and therefore stresses) at buckling in
compressive members. Three major factors affect load shedding. The most basic form
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of load shedding occurs if adjacent members bound the component such that the
transference of a portion of the load can occur. This form of shedding is dependent on
the boundary conditions for each plate element and is the basis of all stiffener design.
Load may be also be shed through the redistribution of residual stresses or through
redundant load paths in a cracked tensile member (47). The shedding of load, which
prevents crack propagation, relates to mechanical components subject to varying tensile
loading. The first two methods of shedding are those that most commonly affect
structural members such as beams and columns.
RSM is particularly useful for a member that is non-uniform along its length because
the ‘worst case’ portion of the member such as the cross section at an opening or other
area susceptible to stress concentration forms the basis of the analysis. RSM determines
the performance of the entire member based on the ‘weakest’ individual plate in the
cross section. In practical terms, this means that RSM often necessitates the use of
stiffeners in the design of plate girders in order to keep the buckling stress as close to
the yield stress as possible (48).
The use of FEA for design is the most efficient and realistic modelling method;
however such analysis requires careful interpretation of results. IS EN 1993-1-5
recommends FEA for non-uniform members (such as haunched members and nonrectangular panels) or members with large and irregular openings. Annex C to IS EN
1993-1-5 gives a description of the basic applicability of FEA methods. This annex is
not prescriptive regarding best practice for full FEA design and therefore consultation
with NCCI documents for guidance is appropriate. One such set of guidelines is
provided by the European Convention for Constructional Steelwork (ECCS) (48), which
recommends the use of FEA only to calculate the elastic critical stresses to be used in
conjunction with EWM or RSM. ECCS does not advocate the use of FEA as the sole
design method.
In the Realisation Phase of this project, member (and stiffener) designs will be modelled
using LUSAS finite element software and the results will then be used in design to IS
EN 1993-1-5 using either the reduced stress or effective width models as appropriate.
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3.3 IS EN 1993-1-3: Coid formed and thin gauge members
IS EN 1993-1-3: 2006 (4) covers the design of two types of steel members- firstly, all
members classified as class 4 based on Table 5.2 of IS EN 1993-1-1: 2005 (7), and
secondly the design of cold formed members such as profiled steel decking, purlins and
sheeting rails.
The design process in IS EN 1993-1-3 takes a broadly similar approach to that in IS EN
1993-1-1 (7) and IS EN 1993-1-5: 2006 (5). The main area in which IS EN I993-I-3
differs slightly from the other parts of EC3 relates to the material properties of cold
formed sections.
Reduced section properties to allow for the effects of local buckling are used throughout
IS EN 1993-1-3 in a similar manner to design to IS EN 1993-1 -5.

3.3.1

Material properties of cold formed sections

The cold forming process has a vastly different effect on the molecular structure and
behaviour of the steel than the hot rolling process. The main reason for this is the
difference in the temperatures associated with the two processes. Hot rolling takes place
at 1260°C (49) when the steel is red hot, whereas cold rolling takes place at ambient
temperatures at around 10°C - 25°C (see Figure 3-8). In the design of hot rolled steel
members to IS EN 1993-1-1, it is common practice to ignore the effects of work
hardening or strain hardening on the yield strength of the member. This is not
appropriate in the design of cold formed members as the pressure from the hydraulic
rollers in cold rolling causes significant strain hardening on the surface of the steel (50).
The Irish Annex to IS EN 1993-1-3 covers the design of members that range in
thickness from 0.45mm to 15mm (4) and in such thin members it is assumed that strain
hardening penetrates the entire member. It is important to note that steels thinner than
0.0142inches (0.36mm) are produced by United States Steel (49); however, such
thicknesses are more suited to automotive uses and may only be used in EC3 aided by
specific testing (4).
When designing class 4 hot rolled sections, the ultimate tensile strength (/„) and the
basic yield strength ifyb) as defined in Table 3.1a of IS EN 1993-1-3 require no
modification for use in design.
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Figure 3-8 Hot rolling (Left) and cold rolling (Right) (50)

3.3.1.1

Molecular properties of steel

Iron is the main constituent of any steel and it is an allotropic material, which means
that in its solid state, its molecular structure changes with temperature (see Figure 3-9).
In practical terms, this means that the molecular structure and behaviour of any iron
alloy (such as mild steel) is dependent upon the temperature at which quenching
occurred. Quenching is the term used for rapidly cooling metal in oil or brine (51)
usually after forging or hot rolling. If a hot rolled steel is quenched at 1260°C (the
rolling temperature) or at least at a temperature above 910°C, then the finished steel will
behave (in terms of ductility and workability) as if it were still at this elevated
temperature. Steel plates that are to be cold-formed are generally air cooled after forging
and hence the steel behaves differently to quenched steel. The further effect of cold
forming compounds these differences.
Specifically, iron can exist in three different forms, as shown in Figure 3-9. These three
different forms of iron are alpha (a), gamma (y) and delta (8) irons respectively. For
design purposes, hot rolled steel displays similar characteristics to y iron and cold steel
is effectively a iron.
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Above 1390"C.
it returns to BCC
form, and is now
called 6 iron

Forms
FERRITE
with carbon

Between 910“C
and 1390'C,
iron is in an FCC
crystal form and is
known as y iron

Forms
AUSTENITE
with carbon

Up to 91 OX
iron Is crystallised
in BCC form,
which is called
a iron

Forms
FERRITE
with carbon

Figure 3-9 Allotropy of iron (51)

The two kinds of structures that iron based alloys (such as mild steel) adopt are body
centred-cubic (BCC) and face centred-cubic (FCC).
In an FCC structured material, the atoms pack densely into a cubic layout. There is an
atom on every face, at every corner and at the core of the cube (see Figure 3-10). Due to
the close proximity of the atoms in the FCC structure, the ductility of the material is
increased and the material may appear softer than an equivalent BCC structured
material. In a BCC structured material, the atoms are arranged comparatively loosely at
the corners of a cube (see Figure 3-11). This structure leads to a less ductile but often
tougher material. The transition from BCC to FCC is accompanied by a slight reduction
in volume since FCC structures are more densely packed than BCC (51). This
effectively means that cold rolled steel is often slightly lighter than hot rolled steel, or at
least that a range of densities exist for steel. This is reflected in ECl (IS EN 1991-11:2002 (52)) where the unit weight of steel is given as 77 - 78.5kN/m^.
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Figure 3-10 and Figure 3-11 show FCC and BCC structures. Each sphere represents one
atom of iron (Fe). The difference in volume and density between the two structures is
obvious.

Figure 3-10 Face centred cubic structures

Figure 3-11 Body centred cubic structures
It is important to note that the amount of carbon in the steel will have a big impact on
the molecular structure of the steel. This is partly because carbon atoms (relative atomic
mass 12.011) are approximately 21% the size of iron atoms (55.847) and the net effect
of an increase in the percentage of carbon in an alloy is to make it more brittle. In this
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project, all steel used in design is mild steel with a carbon content of approximately
0.25%.
3.3.1.2 Impact on design
Equation 3.1 shows the allowable increase in yield strength due to strain hardening
based on IS EN 1993-1-3 guidelines. In the case of S275 steel design in accordance
with IS EN 10025-2 (43), the increased yield strength due to cold forming (fy^ is
limited to 352.5MPa, 28% greater than the basic yield strength (fyd) (4).
+ (/u “ fyb) (^)

fya = fyb

where:

but

fya <

(Equation 3.1) (4)

fya
fya

=

Average yield strength due to cold working,

fyb

=

Basic yield strength,

fu

=

Ultimate tensile strength of the material,

=

Gross cross sectional area of the member,

=

Manufacturing coefficient,

k
t

=

Thickness of the member,

n

=

Number of 90° bends in the member.

The manufacturing coefficient given in IS EN 1993-1-3 is either 5.00 or 7.00 depending
on the forming process undertaken. The most common form of cold forming is roll
forming (as shown in Figure 3-8); a manufacturing coefficient of 7.00 corresponds to
this process. For any other cold forming process, such as press braking, a manufacturing
coefficient of 5.00 is appropriate.
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4 FEA buckling models
This chapter presents graphically the results of FE buckling analysis. All FE models
were created using LUSAS finite element software. These models show various elastic
buckling modes using the eigenvalue tool in LUSAS. All models use steel conforming
to the requirements of IS EN 1993-1-1 (7). Quadrilateral shaped, thin shell elements
with quadratic convergence were used in each model.

4.1 Euier buckling models
These models show the flexural buckling shapes for Euler columns with various end
restraint conditions.

Figure 4-1 Pinned-pinned Euler column
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Figure 4-2 Fixed-fixed Euler column

T

Figure 4-3 Fixed-pinned Euler column
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T

Figure 4-4 Fixed-free Euler column (cantilever)

4.2 Buckling analysis of a rectangular panel
These models show local buckling occurring in a rectangular panel analogous to the
compression flange of a channel member. The first model is the compression flange of a
stiffened channel section and the second model is a plain (un-lipped) section.

4.2.1

Simply Supported all round
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Simply supported on three edges with one free edge

The next step in this analysis is to include both spring supports to emulate real members
(rather than simply pins), plate imperfections and residual stresses as defined in the
appropriate sections of Eurocodc 3.

4.3 Lateral torsional buckling of a plate girder
This model shows the lateral-torsional buckling failure of a thin plate girder.

Geometric Key

Thickness =0.030m (30mm)
Thickness =0.015m (15mm)
Thickness =0.01 Om (10mm)
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4.4 Torsional buckling of a cruciform section
This model shows torsional buckling failure of a cruciform section.

L = 5200nim
t = 5mm
400mm x 400mm cross section
Fcrit = 40.0983kN

4.5 Buckling analysis of a channel section
4.5.1

Single span, unstiffened section

The member has failed due to distortional buckling of the cross-section.
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This is the same member subject to uplift loading; the member has failed near one
support due to a local failure of the unrestrained bottom flange, which due to stress
reversal is now the compression flange.

4.5.2

Two-span, unstiffened section

This two span member shows web crippling over the interior support

4.6 Buckling analysis of an angle section
This model is an example of torsional-flexural buckling of a mono-symmetric angle
section.
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L = ISOOmm
3mm thick
50 X SO angk scctioo

4.7 Circular hollow sections
The first model shows the overall failure mode of a long thin-walled circular hollow
section, pinned at both ends.

L

=

500mm

t = Jmm

As the radius of the circular hollow section increases, with the wall thickness remaining
at 5mm, the buckling failure mode changes. The member below is a vertical cantilever
and is seen to fail due to localised buckling of the wall.

Matt Clifford

M.Eng. in Structural Engineering

66

Optimisation of cold formed purlin cross-sections

Chapter 4; FE Modelling

4.8 Shear buckling
This model shows the buckling failure of a simply supported rectangular panel, subject
to shear loading. This is analogous to the web of purlin member in certain load
situations.
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5 Project plan
The various buckling modes affecting thin-wall steel members have been identified and
then modelled using LUSAS FEA. These models are based on perfect initial geometry.
The next step is to incorporate such characteristics as the influence of residual stresses
from the cold forming process, initial curvature due to the manufaeturing process and
the actual level of restraint provided by sheeting, cleat supports and staying bars in the
FE analysis.
The main aim in the Realisation Stage is to design an optimum eross section to resist the
effects of local and distortional buckling. This design will be informed by the
recommendations in Eurocode 3, specifically those given in IS EN 1993-1-3 (4) and IS
EN 1993-1-5 (5).
This cross-section will then be compared to commonly available members from
Kingspan, Tegral, or others. These industry standard members will be modelled in
LUSAS. The first and most basic tests will examine the effect of a UDL applied to the
top flange of the various members. The more complex model will incorporate a roof
system with multiple members, sheeting and the appropriate accessories. A (basic)
generic system will be developed following Eurocode 3 guidance. Once the level of
restraint provided by the other members of the roof system (sheeting, cleats, and other
accessories) has been determined, the same restraint conditions will be applied to the
various proprietary industry member types in order to compare the members.
The result of the project will be recommendations on the design of stiffeners to resist
elastic buckling and make optimum use of the cross-section capacity of high strength
steel members. Load-span tables will be produced for the recommended sections and
stiffener size versus buckling stress curves and stiffener location versus buckling stress
curves will also be produced
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Executive summary
The main objective of this project is to design an optimised cold-formed steel section
based on a channel section for use primarily as a purlin in roof construction. The first
step in this design process is to research the behaviour and failure modes of beam
members with open cross-sections such as channel members. The main failure modes
affecting channel sections arise from three distinct buckling modes; local, distortional
and lateral torsional buckling. The failure of these beams is characterised by buckling of
their compression elements. Research into buckling begins with Euler’s column theory
and progresses to the plate theory given by Timoshenko and finally the distortional
buckling modes given by Schafer. Research carried out into these failure modes is
reviewed and an optimised section is designed based on this research and Eurocode
guidance. In order to calculate the cross-section properties of any generic member, a
software program has been developed using VBA in Microsoft Excel. This program
covers all open sections. The Eurocode guidance on local buckling and distortional
buckling and design of both plated elements and cold formed members is analysed in
order to develop an optimised section. Throughout the project, LUSAS finite element
analysis (FEA) is used to model members. The optimised section is developed based on
both research and FEA. The load/span tables are developed for the section in
accordance with EN 1993-1-3 and EN 1993-1-5 as appropriate.
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Chapter 1: Introduction

Introduction

1.1 Project background
In normal steel frame construction, hot rolled universal beam (UB) and universal
column (UC) members are commonly used to create a frame and precast concrete slabs
that may be used in the flooring with bricks or block work fa9ade used to seal the
building envelope. Such construction methods are intrinsically heavy and require the
use of cranes and lifting machinery. There is an obvious health and safety risk in heavy
lifting and deep excavation work and the negation of this risk may be costly both in
terms of time on site and initial capital investment. Regardless of soil types, it is true to
say that heavier buildings will require more expensive and usually deeper foundations.
Furthermore, modern tendencies toward low carbon structures would push a designer
away from such ‘heavy’ design. In recent years, eco-friendly cements have emerged;
however, no such solution exists for steelwork. Inefficient heavy hot rolled steelwork
will always have a significant carbon footprint. The upside for steel is that it is truly
reusable and recyclable. Modern electric arc furnaces can create new high grade steel
from over 95% scrap material.
Steel design using hot-rolled UB and UC sections has advanced steadily over the past
150 years. In Finland, recent studies (1) have been conducted using steels of yield
strength of over 1 lOOMPa to determine the applicability of the Eurocode to such high
strength steels. At a very basic level, if steel is now available that is four times stronger
than usually used in the UK, then less steel will be required to carry the same load.
While economic concerns will prevent all steel mills producing ‘SI 100’ as opposed to
S275 steel, the trend is certainly toward the use of higher grade steel with S355
becoming more and more usual. Consequently, the steel grade used throughout this
project is S355. As steel grades (yield strengths) get higher the thickness of material
required to carry load decreases and this mean that for low rise applications (below 8-12
storeys) the use of thin cold-formed members for complete structural design solutions is
becoming more a viable alternative to hot rolled steel solutions (2).
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As modular prefabricated structures gain more market share in response to these
sustainable design challenges and steel grades continue to increase, there exists much
room for the expansion of the cold formed steel industry from providing mainly
secondary members to providing primary framing members.
Currently, cold formed steel beams are usually less than 5mm thick and used primarily
in secondary applications such as purlins, sheeting rails and mezzanine floor beams in
light applications. In the last twenty years, cold formed steel manufacturing has
improved greatly and the argument for expanded use of such members including as
primary members such as main columns and beams can be made.
The primary components used in cold formed steel construction are galvanised channel
sections, which range from 150mm to 300mm in depth for beams (floors and walls) or
purlins (roofs). Steel thicknesses commonly range from 1.2mm to 3.2mm for beams,
although thinner sections are used in both roof panels and the sheeting used in profiled
decks for composite floors. Steel grades used in industry are often as high as S390 to
S450.
The principal application of cold formed steel sections are:
Purlins and sheeting rails in industrial buildings.
Steel framing for stud partitions.
Roof trusses.
Lintels,
Over-cladding in building renovations,
Pre-fabricated modular buildings.
Silos and other containers.
The main idea of research into cold formed steel design is that lightweight, high
strength, bolted steel frames would replace hot rolled steel frames in all but the most
specialised low-rise applications. The lightweight nature of the individual members has
significant benefits for on-site construction, transport, foundations, long term
sustainability, future changes of use and eventual deconstruction. In a single storey steel
frame buildings, the weight of purlins and wall rails can be as much as 15% to 20% the
weight of the overall structure (2).
The development of a more efficient purlin cross-section, which can be used as either a
beam or column, is a further step in the direction of‘efficient’ steel design.
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1.2 Project Aims and Objectives
The main aim in the Realisation Stage is to design an optimum cross section to resist the
effects of local and distortional buckling. This design will be informed by the
recommendations in Eurocode 3, specifically those given in IS EN 1993-1-3 (3) and IS
EN 1993-1-5 (4), The main areas of interest for design are:
•
•
•
•
•

Lateral torsional buckling resistance,
Local buckling resistance,
Distortional buckling resistance,
Member resistance to web crushing at supports,
Resistance to bearing failure of supports.

The various buckling modes affecting thin-wall steel members will then be modelled
using LUSAS FEA. These models are based on perfect initial geometry.
This cross-section will then be compared with commonly available members from
Kingspan and Tata. These industry standard members will be modelled in LUSAS. The
first and most basic tests will examine the effect of a UDL applied to the top flange of
the various members.
The result of the project will be recommendations on the design of stiffeners to resist
elastic buckling and make optimum use of the cross-section capacity of high strength
steel members. Load-span tables will be produced for the recommended sections.
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2 Background Theory

2.1 Euler’s column buckling theory
In the development stage of this project, research showed that the starting point for the
stability design of any member is elastic buckling theory (5). Specifically, Euler’s
formula for flexural buckling is critical, the most fundamental case of which, is that of
an axially compressed column (6), as shown in Figure 2-1.

A/,CT

'h

Figure 2-1 Flexural buckling, the fundamental case (7)

N

where:

n^EI

= -------LZ

Nc

Elastic critical force.

E

Young’s Modulus (210000 N/mm^ for steel).

(Equation 2:1)

Second moment of area of the section,
Length of the column.
El

Flexural rigidity of the column.

Euler’s formula, as represented by Equation 2:1 defines the elastic critical force for a
prismatic bar subject to pure compression loading, with pin supports at each end (as
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shown in Figure 2-1). These supports are free to rotate but fixed in translation. Equation
2:2 gives a more general version of this formula, allowing for varied end-supports. Both
Gardner (6, 8) and Trahair (7) have made recommendations for the use of Euler’s
formula with slight modifications in order to incorporate varied support conditions.
These methods were derived and explained in the research phase of the project and
though both slightly different, these two methods incorporate the concept of a modified
or effective length (Lcr), which simulates support conditions other than pinned.

n^El
Ncr =

(Equation 2:2)
'cr

where:

Buckling length of the column.

Equation 2:3 is the basis of Trahair’s approach. He shows that the elastic critical load
for a column with any support conditions may be determined simply by multiplying the
elastic critical load (A^^) for a similar column with pinned ends by some coefficient (a).

/Vp =
Ncr

n^EI
L2
OC

(Equation 2:3)
where:

Trahair’s coefficient.

The other common approach for establishing the elastic critical buckling force, as
described by Gardner requires the use of Equation 2:4 to inform Equation 2:2. The
length of the member is modified to an effective length by the use of the support
conditions factor (k).
Lj QY"

^
(Equation 2:4)

Neither Gardner’s nor Trahair’s approach in any way alters Euler’s theory; they merely
present the theory in a more palatable form for everyday design. Both methods give
identical results because Gardner’s ‘k’ term (Equation 2:4) is the inverse square root of
Trahair’s coefficient.
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The derivation of Euler’s formula is well known and is given many textbooks such as
Coates et al, (9), Figure 2-2 shows the most common form of Euler’s elastic critical
force for various support conditions.

L>cw

ELIutic cntical fore*:
Buckling L«nfth;
Trahair s coefficient;

^x^m}

Lcr^L
1

= Ax'^EBL^

0.71

4

0.25

2« I

Buckled shape:

lOat s
11

Support conditions:

ir)
Cmatevn

Figure 2-2 Elastic critical force (after Trahair et al. (7))

As presented in Figure 2-2, Gardner and Trahair have both made attempts to explain the
effect of varied support conditions on elastic critical buckling strength, the only critique
of their explanations is that in real joints, degrees of fixity usually exist rather than their
absolute categories; connections are very rarely fully fixed, fully pinned or totally free.
Thus, real struts behave differently from the ideal struts considered in Euler’s column
theory. This difference is examined in detail by Coates et al. (9), Todd (10), and
Megson (11).
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Martin and Purkiss (12) cite the following nine areas where Euler buckling theory' does
not capture the actual behaviour of a compression member:
1. Homogeneity,
2. Anisotropy,
3. Non-linear elastic behaviour and elastic-plastic behaviour,
4. Non-axial loading,
5. Residual stresses,
6. Lack of straightness of a column member,
7. Non-rectangular cross-sections,
8. Local buckling,
9. Alternative end conditions.
These nine areas affect steel design to different degrees. Euler theory assumes a
homogenous column material for determination of material properties such as Young’s
Modulus. The theory does not make allowance for heterogeneity and the associated
variation in material properties throughout the member. Timoshenko (13) points out that
due its crystalline structure, steel is far from homogenous. Empirical evidence shows
that while the strength of an individual crystal may vary with direction, the random
distribution of crystals in any structural steel sample leads to steel having the average
material properties of all the crystals in the sample. In effect, as long as the dimensions
of the member are large in comparison with the crystal size, it is sufficiently accurate to
treat steel as both homogenous and isotropic. Certain processes such as cold rolling
have the effeet of rearranging surface crystals into rows or lines. In particularly ductile
materials such as cold rolled copper, this rearrangement of crystals means that the
elastic properties of the material becomes different in different directions and anisotropy
must be considered (13). The phenomenon of cold-worked anisotropic elastic properties
does not generally affect cold formed steel.
Euler theory is not appropriate for non-linear elastic materials. For all mild steel used
throughout EC3, the simplified or idealised stress strain diagram in Figure 2-3 applies.
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Figure 2-3 Stress-strain diagram for steel to EC3 (7)

This simplified diagram relates to a steel specimen that behaves linearly between zero
stress and yield stress. In such a member the stress to strain ratio does not change
(Young’s Modulus is constant) until the stress reaches the elastic limit,

fy.

In a non

linear elastic material there may be multiple sub-phases within the elastic phase, where
the value of Young’s Modulus changes with varied stress in the different regions below
the elastic limit as shown in Figure 2-4.

Linear Elastic

Non-linear Elastic

Figure 2-4 Stress-Strain diagrams

Non-linear elastic material behaviour does not affect mild steel as the elastic portion of
the stress-strain diagram for mild steel resembles the left side of Figure 2-4. Certain
alloys behave in this manner non-linear elastic manner and are, as such beyond the
scope of EC3. Other materials such as rubber, soils and non-Newtonian fluids may
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exhibit a quadratic or other curved relationship between stress and strain, which may or
may not be time dependent. Often there is no clear yield or rupture points in these non
linear materials.
The modified Perry-Robertson formula used extensively throughout EN 1993-1-1 (14)
allows for lack of straightness, residual stress and non-axial loading by introducing a
fictitious initial curvature and then analysing a curved member subject to pure axial
loading, an example of which is shown in Figure 2-5.
■ '•to

i 4Ng

Buckling curve
acc. to Table 6.1
ao
a
b
c
d

elastic analysis
eo /L
1/350
1/300
1/250
1/200
1 / 150

plastic analysis
eo/L
1/300
1 /250
1/200
1 / 150
1 / 100

4 NpH 6ft

t
Figure 2-5 Initial bow imperfection in IS EN 1993-1-1 (14)

For cold formed members, of these nine areas that Euler’s formula cannot address, the
most critical are non-rectangular cross-sections and local buckling. The two issues are
intrinsically related. Euler’s equation assumption that all members are prismatic bars
infers an equal distribution of all stresses, both across the cross section (yy and zz axes)
and along the member (xx axis). Real structural members such as UB/ UC sections or
cold formed channel sections (Figure 2-6) have comers, returns and outstand elements,
and as such they may be considered to be made up of plate members that themselves
may be susceptible to a form of local buckling failure long before Euler’s overall
buckling prediction for the cross section. The concept of considering any cross section
as composed of multiple plates underpins much of the analysis in EC3, particularly IS
EN 1993-1-3 (cold formed members) and IS EN 1993-1-5 (plate members).
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j III Z

:: n: 3

Figure 2-6 Open cold formed sections covered in IS EN 1993-1-3 (3)

In reality, a structural member (see Figure 2-6) is usually composed of a series of plate
members, which individually may resemble the plate from Figure 2-7 and are all subject
to varying degrees of direction compression, direct tension or a flexure-induced varied
stress distribution.

Figure 2-7 Flexural buckling failure

It was recognised that while certain struts failed in the overall buckling modes proposed
by Euler and some very short members failed in the crushing or yielding mode proposed
by Hooke, there exists an intermediate range where failures are influenced by crosssectional geometry. These failure modes are local or plate buckling described by
Timoshenko (5). It is important to note that unlike Euler theory, which only describes
columns, plate theory can be used to describe beam, column or beam-column behaviour.
In this vein, and in order to show the link between Euler’s column theory and the plate
theory put forward by Timoshenko, a new method of expressing Euler’s formula is
proposed in this project. Like Gardner’s and Trahair’s amendments, this new format
will not challenge Euler’s proven theory but rearrange it to show the link between Euler
buckling of a prismatic bar and Timoshenko’s plate buckling theory.
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In order to show this link, it is easier to express Euler’s formula as a three-part
composite (Equation 2:6), incorporating the support conditions factor (k<j) defined in
Equation 2:5. This support conditions factor is then common to both plate and Euler
theory.
(Equation 2:5)
^cr ~

where:

ka

yj

modification factor based on end support conditions.
kfjU^El
L2
/

ruL \‘

El ( —)
^ y

(Equation 2:6)

Equation 2:6 is the most general form of Euler’s column formula and takes a three-part
product form, as follows:

Ncr = Cibc
a. ka

Factor based on support conditions.

b. El

Member flexural rigidity.

■ ir)

Buckling shape with regard to member length.

Section 2.2 of this report will show that the formula for the critical buckling force for a
rectangular plate of dimensions 'abt' is of the exact same form as that given in Equation
2.5.
Table 2.1 shows the supports factor (ka), the elastic critical force (Ncr) and the buckling
leigth (Lcr) for the first three buckling modes for columns with four different support
ccnditions: pinned ends, fixed ends, cantilever column, and column fixed at one end and
pinned at the other.
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Buckling mode

Supports factor

Elastic critical force

Buckling length

n

k„

(ECF)

Lcr

Kr
1

Generally
n

ka

K El (y)

Pinned Ends

'\J kff

n^El
1

1

1
4n^El

2

1

3

1

9n^EI
/2

4

4n^EI
/2

2.0457

8.1828 tt^E/
/2

Fixed Ends
J
a

1
L
2

0.500 1

16 n^El
S! 1

^

16/9

3

Fixed-Pinned
■;

1

2.0457

2

1.51 17

3

1.3386

1

36/144

2

81/144

2.0457 tt^E/
/2

0.699 /

6.0468 n^EI
12.0474 tt^E/
S5

Cantilever
r

0.25 tt^E/
21
2.2Sn^El
6.25 n^El

W

3

100/144

Table 2.1 Elastic critical force

{Ncr)

The elastic critical force values presented in Table 2.1 are based on the solutions to
Euler’s theory as presented in Table 2.2, A full explanation and derivation of these
values is given by Timoshenko (5).
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Supports factor

ECF

Buckled shape

k

Nrr

(see Figure 2-8)

El

V
(nn)
Pinned Ends
Fixed Ends

sin{kO

=

/nn\^

v = Ssm[—)

AEl (-)

/2nnx\
V = S (cos f—j—j — 1)

0

sin (-) = 0

Fixed-Pinned

tan(/c/) = (/c/)

Cantilever

cos(/c/) = 0

(2nn)
I
4.493
I

nnx\

^'(t)

f,

.

/

1.437r
I

(2n - 1)

n

Tl

El

^(2n - l)7rj

/
nx\
= 5cos((2n- 1)—j

Table 2.2 Background to Ncr solutions

Buckled Shapes

•pinned ends

•fixed ends

•cantilever

Figure 2-8 Buckled shapes corresponding to Table 2.2

The solution to the fixed-pinned Euler column problem is described in depth by
Timoshenko and Gere (5). The solution to this problem is found by solving the
transcendental equation tan(kl) == kl. The graphical solution to this equation is presented
in Figure 2-9, which is a snapshot from Microsoft Mathematics.
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Figure 2-9 Graphical solution for tan(kl) = kl

For the first three solutions to this equation (n = 1, 2, 3) the linear relationship {kl
3.2055n + 1.2963) gives an answer within 0.2% of the exact value. Thus:
kl ^ 3.2055n + 1.2963
3.2055n + 1.2963
I
+ 0.4126\
k^nl.T.0203n
-------------------------- )

Ncr = k^EI « ( y (1.0203n + 0.4126) ) El
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from the linear approximation developed in this

project and the theoretical values given by Timoshenko. It is important to note that the
Ncr coefficient (A:^*) values presented in Table 2.3 must be multiplied by the flexural
rigidity and the shape function to attain the elastic critical load.
N„ = (fc/)E/ (y)'

Ncr coefficient (A:^*)
n

Linear

Exact value

% diff

approximation
1

2.053202

2.0457

-0.37%

2

6.01819

6.0468

0.47%

3

12.0652

12.0474

-0.15%

Table 2.3 Ncr coefficients for flxed-pinned column

FE analysis has been carried out on rectangular steel struts, 2000mm long and 10mm
wide varying from 1mm to 5mm in thickness over 0.5mm increments in order to
compare the predictions from Euler’s theory (see Equation 2:6) with the elastic buckling
for real members. It was expected that the results would match quite closely as LUSAS
allows the user to specify the perfect support conditions assumed by Euler. The four
cases examined are shown in Figure 2-10.
Free

Fixed

Pinned

Fixed

Fixed

Fixed

Pinned

Pinned

Figure 2-10 Column shapes due after flexural (Euler) buckling failure
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Figures 2-11 to 2-14 show the perfect agreement between Euler’s theory and FEA for
these cross-sections. It is clear that flexural (or Euler) buckling is the critical failure
mode and no interaction with any other mode takes place. There are two clear reasons
for this accuracy in the FEA. Firstly a 10mm by 1mm cross-section, while not prismatic
has such a low c/t (width to thickness) ratio that (local) plate buckling modes will not
affect the member and secondly the exact support conditions described in Euler’s theory
can be reproduced in LUSAS.

Comparison of FEA and hand calculations for the flexural buckling
of a 2m long, 10mm wide, column (pinned at both ends)

> Hand calcs - first mode
‘ Hand calcs - second modi
’ Hand caks - third mode
FEA-first mode
FEA - second mode
FEA - third mode

8ueUngShap0

Critical SuckKne Force, Ncr (kN)

FkaiUode

StoendUode

Figure 2-11 Pinned-end column
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Comparison of FEA and hand calculations for the flexural buckling of a 2m
long, 10mm wide, column (fixed at one end pinned at the other end)

— Hand calcs - first mode
^ Hand caks - second mode
— Hand calcs - third mode
— FEA - first mode
FEA - second mode
FEA-third mode
Bucking Shif)*

Critical Buckling Force, Ncr (kN)

FntUodc

SecoodtSode

ThrdUodo

Figure 2-12 Pinned-fixed column

Comparison of FEA and hand calculations for the flexural buckling of
a 2m long, 10mm wide, column (fixed at both ends)

— Hand calcs - first mode
^ Hand calcs - second mode
— Hand calcs - third mode
— FEA - first mode
FEA - second mode
FEA-third mode
BucMn^Sh^

I,

/

/
/
Critical Buckling Force, Ncr (kN)

Ftntl4oi^

S«co^JUW#

Figure 2-13 Fixed end column
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G>mparison of FEA and hand calculations for the flexural buckling of a 2m
long, 10mm wide, cantilevered column

* Hand calcs - first mod*
‘ Hand calcs - second modi
* Hand calcs - third moo^
FEA-first mode
FEA - second mode
FEA-third mode

BueUnjShapt

FkatHkxh

SeoondIMe

Figure 2-14 Cantilever column
2.1.1

Problems with Euler’s theory

The FE analysis carried out for the 2000mm long 10mm wide plates (columns) is now
re-examined but for plates that are 500mm wide. The thickness is varied across a range
from 1mm to 5mm, in 0.5mm increments. The results of this analysis are presented in
Figures 2-15 to 2-18.
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Figure 2-15 Plate with pinned ends

Comparison of FEA and hand calculations for flexural buckling of a
plate, fixed at both ends

Hand calcs - first mode
Hand calcs - second mode
Hand calcs - third mode
FEA - first mode
FEA - second mode

Critical Buckling Force, Ncr (kN)

Figure 2-16 Plate with fixed ends
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Comparison of FEA and hand calculations for flexural buckling of a
cantilever plate

Hand calcs - first mode
Hand calcs - second mode
Hand calcs - third mode
FEA - first mode
FEA - second mode
FEA - third mode

Critical Buckling Force, Ncr (kN)

Figure 2-17 Cantilever plate

Comparison of FEA and hand calculations for flexural buckling of a
plate, pinned at one end and fixed at the other

Hand calcs - first mode
Hand calcs - second mod
Hand calcs - third mode

Critical Buckling Force, Ncr (kN)

Figure 2-18 Fixed-pinned plate
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Figures 2-15 to 2-18 show the significant gap between Euler’s column theory and the
actual FE results (particularly for higher buckling modes) for the flexural buckling of
column members with similar proportions to the plate in Figure 2-7. Clearly, Euler’s
theory does not extend to columns (plates) of three dimensions where the width of the
member is important and not negligible when compared with the length. While the hand
calculations (Euler’s formula) and the FEA are comparable for the first mode of
buckling (such as that shown in Figure 2-7), for higher order buckling modes there is
considerable difference.
Euler’s theory can produce reasonable results for plates that are supported only at the
end of the plate (and free along its length); however, Euler’s theory is not applicable for
plate supported on all four edges or on three of the four edges. Timoshenko’s plate
theory bridges this gap.
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2.2 Plate buckling theory
The elastic critical force for a plate was investigated and the theory extensively
developed by Timoshenko and Gere (5, 13). This plate buckling theory is an extension
of Euler’s theory for columns. In Euler’s theory, the elastic critical load is determined
using the flexural rigidity, the support conditions factor, and the buckled shape with
regard to member length. Similarly, in plate theory, the elastic critical force (which may
be expressed as a UDL or total force) is determined using the plate flexural rigidity, the
support conditions factor, and the plate slenderness. The similarities between Euler’s
column (flexural) buckling theory and plate buckling theory are fully explained by
Trahair et al. (7) and a diagrammatic summary of this is shown in Figure 2-19.

Figure 2-19 Flexural buckling of columns and plates (after Trahair et al. (7))

As shown in Figure 2-19 (part b) plate theory investigation begins with a rectangular
plate of dimensions abt (height, length, thickness), which is simply supported all round.
A compressive force (which is a UDL or force per unit area of the plate cross-section) is
applied along the length of the member (dimension b), at x = 0 and x = a, as shown in
Figure 2-20.
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Simply
supported

Figure 2-20 Simply-supported plate subject to compressive stress
The value of the elastic critical force for a plate can be deduced from Newton’s third
law. The work carried out by the external forces must equal the strain energy of
bending: AW = AU.
The forces acting on the member are represented by a double trigonometric series which
research (15) has shown simplifies to the following:
ab

^W

2 2
rnn

V* V
m=ln=l

Similarly, the strain energy is:
n^ab

ST' ST'

n

I tn"

n"'

771 = 1 71=1

Equating these energies:
AW = AU
ab

V* V*
Z“’

m}n^\

^2'

771 = 1 71=1

771=1 71=1

n^ah
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In Euler theory for the flexural buckling of a column, the buckled shape depends only
on the length of the column (/) as shown in Figure 2-19, and at failure the member
buckles into some form of a half sine wave (see Table 2.2), the exact shape of which
can be determined by varying the factor ‘n’. In plate buckling, the buckled shape
depends on an interaction between the width and length of the plate, and thus the
buckled shape in a plate depends on a width factor (n) and a length factor (m). In the
rectangular plate (Figure 2-20), the smallest value of the elastic critical force is obtained
when n = 1. This means that the plate buckles into one (half) sine wave perpendicular to
the direction of the load (dimension b), with the number of (half) sine waves in the
parallel direction (m) depending solely on the length of the member.
The elastic critical force is the lowest solution to Equation 2:7, found assuming that the
plate buckles into one half sine wave in both directions (i.e. m = n = 1).

2 2
no

Ncr =

/

2

w

^ la2 ■'■(72

(Equation 2:7)
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(Equation 2:8)

It is clear from Equation 2:8 that the elastic critical force for a plate depends largely on
the ratio of the length of the sides of the plate (a/b) and this goes some way to explain
the difference in Figures 2-15 to 2-18 respectively, since Euler theory cannot allow for
this a/b ratio. It can be said that in Euler theory a/b =

00.

On top of this, Euler theory

cannot predict failure modes for compression members supported (continuously or
discretely) along their length.
The minimum value of Equation 2:8 are found when a = h (for a square plate), in this
case Equation 2:8 simplifies further:

Ncr = -^D(ii + iy =

b^

Generally speaking;
_ kaDn'^
Ncr - ^2

(Equation 2:9)

The value of ka is dependent on the a/b ratio. This relationship is shown for a simply
supported plate, in Figure 2-21, over the range 0.1 < a/b < 10. Alternately, the following
formula may be used to calculate ka!
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a/b
Figure 2-21 Local buckling factor {ka) for a simply-supported plate
kff is the plate local buckling factor which allows for different values of a/b (or (L/b) in

Figure 2-22) and support condition variations. The values of ko for a simply supported
plate for various values of‘m’ (number of half sine waves) are shown in Figure 2-22.

to

Plate aspect ratio L/b

Figure 2-22 Buckling coefficients of simply supported plates in compression (7)
The final unknown term in Equation 2:9 is ‘D’; this is the flexural rigidity of the plate.
For an Euler column ‘EF is the flexural rigidity and this term is generally used for all
‘long’ members (i.e. any member the width of the member is inconsequential with
respect to the length). For a plate member the width of the plate and its effect on
buckling cannot be ignored and thus the flexural rigidity term is altered.
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EV
12(1 -v2)

For steel to EC3, the flexural rigidity of a plate, where the thickness is specified in
millimetres, can be simplified further:
E

=

210000

V

=

0.3

D

19230.8(f) [Nmm]

Returning to Equation 2:9, the value of D can be inserted and a final general formula
arrived at for the elastic critical force for a plate of any dimension.
kfjDn^

EV
b^ \12(1 —v^)/

Ncr =

EtkfjTT^

Etk„n^
— v^)
v^)\b)
12(1 —

/t\^

12(1—v^)\b/

(Equation 2:10)

The values of the local buckling coefficient kj can be varied to allow for different
support conditions. Values for square plates based on research by Lee (15) are shown in
Table 2.4.
Boundary (support) conditions

ka

Simply supported all round

4

Fixed along length, simply supported ends

6.97

Simply supported along three edges and

0.425

free along one length
Fixed along one length, free along the

1.247

other and simply supported at both ends
Table 2.4 Variation of Iq, with support conditions

Equation 2:6 shows that the most general form of Euler’s column formula and takes a
three-part product form, where:
( nn
N,cr, (Euler) = k(j El \^ — j
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a. ka

Factor based on support conditions,

b. El

Member flexural rigidity,

■ {")

Buckling shape with regard to member length.

The elastic critical force for a plate based on Timoshenko’s plate theory can be
presented in the same manner:
kfjDn^

N.crXPlate)
a. ka

=

Factor based on support conditions.

b. D

Plate flexural rigidity
=

c.

/7r\2

= kf^D (— j = abc

Buckling shape factor with regard to member length.

The only variation between the Euler and Timoshenko formulae in the ‘abc’ format lies
in the

factor. For a plate, k^ is dependent both on the support conditions along the

length of the member and the ratio of the length of the plate to its width (a/1:)). The ka
factor for an Euler column is dependent only on the end support conditions and is
independent of the length of the member.
In Eurocode 3 (Annex A of EN 1993-1-5, Formula A. 1), Timoshenko’s elastic critical
force for a plate (Equation 2:10) is expressed as an elastic critical stress, by dividing the
force calculated in Equation 2:10 by the plate thickness (t). Since the force calculated in
Equation 2:10 is a UDL (N/mm), dividing it by the plate thickness gives the stress
(N/mm or MPa). Equation 2:11 is the basis of all local (and distortional) buckling
analysis in Eurocode 3.

(Jrr

—

n^Et^k,
12(1 v^)c^
—

(Equation 2:11)

The final part of the analysis into plate buckling is the examination of Timoshenko’s
theory against finite element analysis. Two plates are chosen for this purpose; the first
has a length to width (a/b) ratio of 1 and the other has an a/b ratio of V2. The plates are
simply supported on all sides, a/b = 1 gives the lowest buckling load for any aspect ratio
plate (as examined in Figure 2-21 and Figure 2-22). a/b = V2 is the aspect ratio where
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the m = ! and m = 2 curves intersect (see Figure 2-22). For both sets of plates the length
b = 500mm. The thickness of the plates varies from 1mm to 10mm in 1mm increments.

Figure 2-23 Comparison of theory and FEA for a plate (a/b = 1)

Figure 2-24 Comparison of theory and FEA for a plate (a/b = V2)
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The results of this analysis (Figure 2-23 and Figure 2-24) show differences of 1.46%
and 1.16% respectively across all thicknesses examined. This error is negligible and
thus it can be said that Timoshenko’s theory captures plate behaviour accurately.

2.3 Local buckling in Eurocode 3
2.3.1

Structural models in Eurocode 3

Eurocode 3 design is based on the selection of and use of an appropriate structural
model, consisting of two components - structural analysis and determination of cross
section resistance. In simple terms, this means the determination of the internal stresses
and moments based on external loading (type and magnitude) and the determination of
the ability of the cross section to resist such loading. There are four models defined in
Eurocode 3, as presented in Table 2.5.

Model

Method of global analysis
(Calculation

of

internal

Calculation
forces

and

of

member

cross-section resistance

moments)
1

Plastic

Plastic

2

Elastic

Plastic

3

Elastic

Elastic

4

Elastic

Elastic plate buckling
(Effective elastic)
Table 2.5 Eurocode 3 structural models

Model 1 relates to the plastic design of structures. Full plasticity is a prerequisite of this
model. This means that the stress distribution must correspond to a fully rectangular
block and plastic hinges can form. Because of their inherent rotational capacity, and the
corresponding moment redistribution, these plastic hinges allow the formation of a
plastic mechanism.
Model 2 applies to members that can achieve their plastic resistance but do not have
sufficient rotational capacity to allow for a plastic mechanism. Such members attain a
rectangular stress distribution at failure but the ultimate limit state relates to the first
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onset of a plastic hinge. In Model 2, elastic global analysis is used to determine internal
forces and these are compared with the plastic properties of the cross section.
In a statically determinate system, both model 1 and model 2 give the same results. In a
statically indeterminate system, model 2 does not allow for moment redistribution in the
member. This makes sense since moment redistribution can only happen with fully
developed plastic hinges (model 1) and as such, the plastic hinges developed in model 2
may be considered to be ‘partial’ plastic hinges. Similarly, it is not possible to use
plastic global analysis in conjunction with elastic cross section properties, because by
definition plastic global analysis can only be used in the presence of full plastic hinges
and an at least partially yielded cross section.
Model 3 applies to members which cannot achieve their plastic capacity, and so both
global analysis and verification of the cross section must be conducted elastically.
Model 3 corresponds to a triangular stress distribution. Recent ECCS research (16)
carried out at Graz University of Technology in Austria has challenged this definition of
Model 3. The project known as ‘Semi-Comp+’ concludes that the discontinuity between
the model 2 and model 3 stress distributions makes no sense. The contention is that
model 3 is not a fully elastic model but that it is a mixed or partially plastic model. The
global analysis must be elastic but the cross-section should be analysed as partially
plastic.
In simple terms, a member for which model 3 is appropriate, but that is only just inside
the model 2/3 boundary will have a stress distribution that resembles class 2 but the
distribution will be partially triangular as the section will not have fully yielded. Even a
member which is near the model 3/4 border may potentially display some yielding and
thus not have a fully triangular stress distribution. Semi-Comp+ research indicates that
the stress distribution does not simply jump from full plastic in model 2 to full elastic in
model 3, as Eurocode 3 assumes, but varies linearly from fully plastic to elastic across
the range of model 3. The borders or thresholds used to define each model are examined
further in Section 2.3.2.
Model 4 applies to members where yielding in the extreme fibre cannot be attained.
These members fail prematurely due to local plate buckling causing the failure of a
component of the cross section, such as a very wide and thin flange in a UB section. In
model 4, only effective cross section properties apply.
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These four Eurocode 3 structural models have thus far, been defined in terms of
structural analysis criteria and cross section resistances, focusing primarily on stress
distributions and ability to sustain the accompanying strains while plastic hinges
develop. In tension, mild steel used in construction is usually ductile enough to allow
for high strains without a drop-off in resistance. The cases of fatigue failure and very
low temperatures are the exceptions to this. In compression however, ductility is not the
concern but rather the question is of the member’s ability to sustain elevated stresses
and strains without instability occurring. Such instability is caused by local plate
buckling. In essence, all four of the structural models are based on the influence of local
buckling on overall member capacity.

2.3.2

Section classification

In steel design to Eurocode 3, the analysis methods used primarily depend upon cross
section geometry, and specifically plate slenderness ratios (width to thickness) or c/t
ratios.
Section classification is a critical step in design to EN 1993. Any member with elements
subject to compression must be classified in order to determine the effect local (plate)
buckling will have on the design strength of the overall member. The ratio of the width
of plate member (between restraining elements) to the thickness of that plate (the c/t
ratio) is used to determine the section classification for local buckling. Measurements
for the c/t ratios for various cross-sections are shown in Figure 2-25.
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Figure 2-25 c/t ratios in Eurocode 3 (14)
The c/t ratio is a measure of the slenderness of the particular plate element. Any
increase in this slenderness means a decrease in the buckling resistance. The buckling
failure of a single compressive (plate) element within a larger cross-section is known as
local buckling and is characterised by the ‘wrinkling’ of the compression element. This
wrinkling effect is due to the restraint conditions and the short half (sine) wavelength
associated with this mode of buckling. Local buckling occurs at stresses below the yield
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strength of the member and thus a member susceptible to local buckling can have a
greatly reduced load capacity.
Section classification applies to any member subject to flexure (beams and purlins),
compression (struts in a truss), or combined bending and compression (beam-columns).
There are slight modifications to the class limits depending on the whether the
compression element is subject to flexure, pure compression, or a combination of these.
Local buckling classification is dependent on the slenderness of the plate element (c/t
ratio) and isolated plate support (and stress) conditions. The section classification
process has no mechanism to allow for elastic restraints between plate elements or the
redistribution of stresses between adjacent parts of the cross section.
In design, it is more convenient for designers to classify a member in terms of local
buckling capacity rather than to use the more complex structural models. The structural
models underpin all design in Eurocode 3 and section classification for local buckling or
c/t ratios provide a simple way of deciding on what model to adopt for design purposes.
This effectively means that the focus is on the cross-section analysis column from table
2.5. In Eurocode 3 (as in BS5950), there are four separate cross-section classifications,
which mirror the structural models exactly. The c/t ratios are used to classify the
section.
Class 1: Plastic cross-sections; those sections which can develop a plastic hinge with
sufficient rotational capacity to allow redistribution of bending moments in the
structure.
Class 2: Compact cross-sections: those sections which can develop the plastic moment
of resistance in the section but subsequent inelastic buckling prevents rotation at a
constant moment and thus prevents moment redistribution in the structure.
Class 3: Semi-compact cross-sections: those sections in which the stress distribution in
the extreme fibres ean reach yield stress, assuming an elastic distribution, but elastic
local buckling is liable to prevent the development of the plastic moment resistanee.
Class 4: Slender cross-sections: those sections in which yield stress cannot occur in the
extreme fibres due to the instability caused by premature elastic local buckling.
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It is common practice to show the difference between the four classes using moment
rotation curves (see Figure 2-26).

M
class 1; plastic
class 2: compact
class 3: semi-compact
class 4: slender

Figure 2-26 Moment-rotation curves for section classiflcation in EC3
The c/t ratio for a constant cross section does not change along the length of the
member. Thus, the c/t ratio can then be compared with a set of limiting values which
will determine the section classification. A section is then designated as one of either
class 1, 2, 3 or 4 (see Figure 2-26). This classification determines the appropriate
equations for design. Any member for which plastic design theory is appropriate, is
designated either class 1 or 2. The only difference between these classes is the degree of
rotational capacity of the plastic hinge before failure (see Figure 2-27). For both class 1
and class 2 sections, flexural design resistances are governed by the plastic section
moduli. Any member for which elastic theory is appropriate is designated class 3. In
these elastic sections, EC3 assumes that elastic yield occurs at the extreme fibres and
that no plastic yielding occurs, thus making all class 3 sections ‘elastic sections’. In all
design to EN 1993, the elastic section moduli govern all flexural design resistances.
As mentioned in section 2.3.1, recent research (16) has called this logic into question,
suggesting that class 3 should be seen as a transitional class (see Figure 2-27), with
some degree of plastic yielding occurring throughout the class and elastic yield at the
border between class 3 and 4. Thus according to this research, a modified section
modulus should be used for class 3 design.

Matt Clifford

M.Eng. in Structural Engineering

34

Optimisation of coldformed purlin cross-sections

Chapter 2: Background Theory

Figure 2-27 c/t ratios versus moment of resistance
The final class is class 4. This classification is appropriate for very slender members
where local buckling of plate elements occurs before elastic yield occurs at the extreme
fibres. Local buckling is allowed for by using effective cross-sections, which are based
on the assumption that parts of the gross cross-section are inactive or ineffective. Thus
reduced section properties are used to simulate the buckled section and reduced section
moduli govern flexural resistance. All class 4 section design is covered by EN 1993-1-3
(3) and EN 1993-1-5 (4).
With the four classes for local buckling defined, the next step is to define the threshold
values for each class and to explain the how these limiting criteria relate to a real crosssection. In design to Eurocode 3, the slenderness ratio for every plate element subject to
compressive stresses must be checked against limiting values to determine the
susceptibility of the section to local buckling failure.
There are two categories of compressive elements. The first category includes internal
elements such as a beam web and any stiffened element. Elements in this category are
considered to be simply supported (rotation allowed, translation prevented) along both
of the edges parallel to the compressive stress. The second category includes only
unstiffened outstand elements such as the flanges of a UB/ UC section. These elements
are considered to be simply supported on one side and free at the other, again, in the
direction parallel to the compressive stress. The support conditions for compressive
elements in EC3 are shown in Figure 2-28.
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Simph. sisportfd

supported

Siroph- supported

Sinph' s^pported

Internal Elements

Outstand Elements

Figure 2-28 Categories of compressive elements in EC3
The threshold values for internal and outstand elements are different due to the support
conditions. These categories can further be broken down based on the compressive
stress distribution into elements subject to uniform axial compression, members subject
to compressive stress due to flexure, and finally members subject to combined axial and
bending stresses.
The limiting values for members subject to flexural loading or (compressive) axial
loading do not vary along the member. However, for members subject to combined
flexural and axial loading, the class limits are a function of the interaction of the axial
and flexural loading and may vary along the cross section accordingly. In such
members, the section should be classified at every 10% interval along the length of the
member. Thus, a c/t limit diagram can be constructed; it follows from this that a
member may have several classes along its length. The entire section should be
designed, based on the worst-case section classification (the classification at the critical
section).

2.3.3

Deriving the limits for section classification

For all hot-rolled sections, section classification is carried out using Table 5.2 of EN
1993-1-1. For cold-formed sections, class 4 is automatically assumed in design to EN
1993-1-3. However, since there are circumstances where class 3 (elastic) design rules
may be used for stiffened (fully effective) cold-formed sections, the limiting threshold
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values are also very important for cold formed sections. The threshold limit values are
derived from plate theory, the equations for which are presented in EN 1993-1-5.
Section classification is based on the principle of a plate with a limiting c/t ratio
reaching the limit stress of the yield stress fy, this local yielding can occur in plate
elements long before simple bending theory would predict that the entire cross-section
would yield. This is local buckling.
Section classification to Table 5.1 / 5.2 EN 1993-1-1 is based on the following formula:

(28.419 Ip
where:

c/t

plate slenderness

235

e=

fy

235
fy =

(From Annex A EN 1993-1-5 Formula A. 1)
n^Et^krr(Try*

n^Ek,

““

12(1—v2)c^

12(1—v^)\c

(Section 4.4(2) EN 1993-1-5)

Ap =

_

^cr

I

P

jzss /

IJ^^/

(Vt)

28.419 ffc.

n^Ekcr
12(1 — v^) \c/

(

Ap class2 )

Table 4.1 and Table 4.2 of EN 1993-1-5 give the values of the buckling factor {kcr)
corresponding to appropriate values of the stress ratio (\}/), which are reproduced in
Table 2.6. Table 4.1 of EN 1993-1-5 is concerned with support conditions (which
influence kcr) and values for the stress distribution across the cross-section length (c) of
a plate element (which relates to the loading situation), y is defined as the ratio of the
stress at one end of the plate to the stress at the other (02/01); obviously for beamcolumns subject to combined axial compression and bending this relationship can be
complex and Table 4.1 sets out appropriate equations for the calculation of the stress
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ratio (\|/) in these cases. In the design of members subject to singular effects (those not
subject to combined compression and bending), one is chiefly concerned with two
values of y: 1 and -1. \|/ equals 1 for any plate element in compression, since both ends
of the member are subject to equal stress

(02

= oi). Plate elements in compression may

be internal (web of an I-beam) or external (flange of an I-beam), vj/ equals -1 for any
plate element in pure bending, this equates to a compressive stress at one end, a tensile
stress at the other and the neutral axis at mid-planar depth. Outstand elements subject to
bending will not be discussed here, kcr is equal to the ka values used by Timoshenko (5)
for elastic plate buckling, the only difference being that the Eurocode uses the subscript
‘cr’ to denote ‘elastic critical’ and to avoid confusion with the spring stiffness ‘k’,
which is a term used extensively in EN 1993-1-3. The values of kcr vary with support
conditions as shown by Timoshenko (5). The kcr factors for plate elements in
compression from EN 1993-1-5 are shown in Table 2.6.

Element description

kcr

Internal elem.ent subject to

-1

23.9

1

4

1

0.43

bending
Internal element subject to
compression
Outstand element in
compression

Table 2.6 Buckling factors and stress ratios for compression elements

Three limiting non-dimensional plate slenderness values exist, defining the thresholds
between classes 1, 2, 3, and 4 respectively. The non-dimensionless slenderness values
define the degree to which member imperfections can lead to elastic (plate) buckling of
compression members. These values are defined in two different places. Firstly, the
threshold values (formulae) for class 3-4 can be found in EN 1993-1-5 as these values
are used in determining the effective widths of unstiffened plate members. The class 1-2
and 2-3 limits were stated in ENV 1993-1-1 (17) but have now been assimilated into the
background in EN 1993-1-1 (14).
The limiting values of the non-dimensional plate slenderness for class 1 and 2 are
defined in ENV 1993-1-1 as 0.5 and 0.6 respectively (16). The value of the plate
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slenderness for outstand elements is given in EN 1993-1-5 as 0.748 regardless of
loading situation (stress ratio). However, the class 3 limiting value for internal elements
is based on a formula that is dependent on the stress ratio. This means that depending on
the loading situation, the class 3 limits may vary from 0.673 for compression (\|/ = 1) to
0.74 for pure bending (y = -1) up to a maximum of 1 (\|/ = -3) in unusual loading cases
as shown in Figure 2.29. The non-dimensional slenderness values for all elements
across the three class limits are shown in Table 2.7.

Figure 2-29 Stress ratio and class 3 non-dimensional plate slenderness values
for internal elements
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plate

element

dimensionless slenderness

subject to compression

value

Internal

plate

element
0.5

subject to bending
Outstand

plate

element

(flange) in compression
^P,2

Class 2-3 limiting non Internal

plate

element

dimensionless slenderness

subject to compression

value

Internal

plate

element
0.6

subject to bending
Outstand

plate

element

(flange) in compression
^P,3

Class 3-4 limiting non Internal

plate

element

dimensionless slenderness

subject to compression

value

Internal

plate

0.673

element

0.874

element

0.748

subject to bending
Outstand

plate

(flange) in compression
Table 2.7 Non-dimensional plate slenderness values

Using the information presented in Table 2.7, which comes from the ENV version of
EN 1993-1-1 and the current version of EN 1993-1-5, the procedure of section
classification for local buckling in EN 1993-1-1 can be fully explained using
Timoshenko’s plate theory.
However, there exists a problem with section classification to Eurocode 3. The accepted
values given in EN 1993-1-1 do not line up with the values from the rest of Eurocode 3
(EN 1993-1-3 and EN 1993-1-5). This discrepancy appears to be an error due to the
transition between ENV and final EN versions of Eurocode 3. The current values given
in EN 1993-1-1 overestimate the value of the plate slenderness and allow higher c/t
ratio’s right across the classification range. This problem was first pointed out and
explored further in the Semi-Comp+ project (16, 18).
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The issue arises when the c/t ratios (of Table 5.1/ 5.2 in EN 1993-1-1) defined for each
section class are examined versus the theory underlying them. The equations given in
EN 1993-1-5 (plate elements) do not match up with the c/t limits in EN 1993-1-1. This
discrepancy is shown in Table 2.8.
Class

Element type

c/t limit

Ap

kcr

V

limit

Class 3

EN 1993-

(EN) %

1-1

Error

Internal (Compression)

1

4

0.673

38.252 £

42 £

+9.8%

Internal (Bending)

-1

23.9

0.874

121.428 f

124 f

+2.12%

Outstand

1

0.43

0.748

13.939 f

14f

+0.43%

Internal (Compression)

1

4

34.103 £

38 f

+ 10.26%

Internal (Bending)

-1

23.9

83.36 f

83 £

-0.4%

Outstand

1

0.43

11.18f

\0£

-10.55%

Internal (Compression)

1

4

28.419 f

33 f

+ 16.12%

Internal (Bending)

-1

23.9

69.47 £

11 £

+3.65%

Outstand

1

0.43

9.318f

9£

-3.413%

(Compression)

Class 2

0.6

(Compression)

Class 1

0.5

(Compression)

Table 2.8 Derivation of section classification limits

The reasons for the differences can be surmised by examining the equation for the
limiting values for non-dimensional plate slenderness:

A

P

28.419 f/c.

The denominator on the right hand side of the equation has been developed from plate
theory and does not change. It is in the numerator that the error occurs. In ENV 1993,
the c/t ratio was defined neglecting the influence of the root radius or welds. In EN
1993-1-1, this is not the case. Table 2.9 shows the difference between the ENV and
final version of EC3.
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I-Beam

r
Element

Attribute

ENV 1993

EN 1993-1-1

web

c

h — 2tf

h — 2tf — 2r

t

tvv

tvv

c/t

(^-2t/)Aw

(/i -

flange

(b - tw)/2
t

V

c/t

(.b ~ tw)/2t/-

2tf

2r)/tw

(b ~ l^w\

b-t^^\
2J

r

Table 2.9 Definition of c/t ratios in EC3

Thus, there is a difference in the c/t ratios between ENV 1993 and EN 1993-1-1, which
is entirely dependent on the size of the root radius or welds. The old ENV values will be
higher and thus the c/t limits must be higher. The average differences across the entire
UB and UC range are shown in Table 2.10.
Section

Web

Flange

UB Range

6.02%

15.32%

UC Range

11.78%

10.62%

Table 2.10 Difference in definition of c/t ratios in EC3

Therefore it is recommended that consideration be given to change the (c/t) limits for
the design of members to EN 1993-1-1 in order to move the EN 1993-1-1 classification
limits in line with buckling theory and EN 1993-1-5. These recommendations are shown
in Table 2.11.
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Element type

c/t limit

Internal (Compression)

38.252 f

Internal (Bending)

121.428 f

Outstand (Compression)

13.939 f

limit

Class 3

Class 2

Class 1

Internal (Compression)

34.103

£

Internal (Bending)

83.36 £

Outstand (Compression)

11.18£

Internal (Compression)

28.419 £

Internal (Bending)

69.47 £

Outstand (Compression)

9.318£

Table 2.11 Proposed class limits for EC3 based on plate theory

Alternately, Figure 2.30 shows the c/t ratios plotted against the non-dimensional
slenderness for three sets of elements; internal compression elements, internal elements
subject to bending and outstand compression elements. Figure 2.30 is based on the
section classification formulae in EN 1993-1-1 and EN 1993-1-5, which have been
combined with the proposed modifications to the c/t limits, presented in Table 2.11.
Elements subject to combined axial compression and bending are not examined. Using
Figure 2.30, the section classification for any member for steel grades S235 to S460 can
be determined. These c/t ratios are plotted independently of

£

and thus five different

curves corresponding to the different steel grades are produced.
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Figure 2-30 c/t ratio limits plotted against normalised plate slenderness
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2.4 Distortional buckling

Distortional buckling is also known as ‘stiffener buckling’ or ‘local torsional buckling’.
In edge-stiffened elements, such as the web or flange of a lipped channel section, (or the
web of a plain channel section,) distortional buckling is characterised by rotation of the
flange web junction. In contrast to local buckling (which causes plate buckling of flat
elements but maintains the angle at the element junctions), distortional buckling causes
the internal angle between the web and the flange to reduce; this can be seen in Figure
2-31. In internally stiffened elements, such as the trapezoidal sheeting used in flooring
or roofing or the flange of a Kingspan Multibeam (Sigma shape), distortional buckling
is characterised by the displacement of the internal (or intermediate) stiffening element
normal to the plate element.

nu
Figure 2-31 Distortional buckling modes (3)

The most in-depth research carried out on the subject of distortional buckling has been
carried out by Schafer (19) in 2000 on behalf of the American Iron and Steel Institute
(AISI). Whether through the evolution of the old (pre-Eurocode) National European
codes or as a direct reaction to Schafer’s research, EN1993-1-5 and EN1993-1-3 contain
nearly all of Schafer’s recommendations for distortional buckling, particularly the
concept of treating distortional buckling as a separate mode, which was not done in any
code before Eurocode 3.
It is important to note that Schafer’s research focused on lipped channel sections (the far
right drawing in Figure 2-31). Lipped channel sections are composed of three different
kinds of plate elements; flanges, lips and a web. The flanges and webs are classified as
externally stiffened elements because no internal part of the web or flanges contains a
fold. The lips are unstiffened outstand elements.
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An earlier finite element numerical study carried out by Schafer and Pekoz (20) in 1997
and 1998 shows the following:
Distortional failures have lower post (elastic) buckling capacities than local
buckling failures and may lead to earlier ultimate failure and collapse.
Distortional failure modes are more sensitive to imperfections.
Distortional failure modes may govern failure even when the distortional
buckling load is greater than the local buckling load due to the complex nature
of distortional-interaction buckling.
Local buckling is characterised by the high frequency ‘ripple pattern’ which results
from the short half (sine wave) wavelength associated with the failure of a plate element
with a large aspect ratio (a/b > 40) such as the web or flange of a ‘long’ member such as
a beam or column. Flexural (overall) buckling occurs at much longer half wavelengths.
In terms of half wavelength, distortional buckling occurs between local and flexural
buckling. Figure 2-32 shows the wavelength versus buckling stress for lipped channels
used as column sections.

Figure 2-32 Distortional buckling modes (3)

In determining the susceptibility of a member to local buckling, the c/t ratios for plate
elements are used as a guide. As the c/t ratio increases so too does the element’s
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susceptibility to local buckling and for plate elements, this relationship is linear. No
such convenient ratio exists for describing distortional buckling. A further complication
to this is that the interaction of distortional buckling with other buckling modes is not
fully understood and modelling it using FEA is difficult without artificially increasing
the resistance of the section to local buckling or lateral torsional buckling. Attempts
have been made to resolve this problem using generalised beam theory (21) although
the use of such methods are quite new (2011) and not yet common place.
In his assessment of lipped channel sections Schafer examines the three plate elements
of a symmetric channel section; the flanges, the lips, and the web. His first major
conclusion is that when considering distortional buckling, the lips of channel sections
should be longer than currently used. He recommends a lip depth equal to the flange
width. In terms of current industry practice, this would be a major change. A Kingspan
Multibeam is approximately 65mm wide with only a 15mm. lip, thus to move in line
with Schafer’s recommendations a complete redesign of their (empirically) sufficient
section would be required. The construction industry has never been keen on radical
innovation and Kingspan will be aware of this; they will not jeopardise market share for
a 15% improvement in distortional buckling resistance.
Furthermore, such a massive increase in lip size would cause other buckling problems
in itself. The limits in EN 1993-1-3 for the size of the lips of a channel section are in
response to local buckling considerations and equate to 60% the width of the section.
This is a clear manifestation of the main problem in the thin-walled section
optimisation, very often reducing one buckling phenomenon can amplify another.
In seeking to optimise the channel section in this project, Schafer’s general
recommendation that lips should be larger is followed and a 40mm lip on a 70mm
flange is chosen. This represents a 147.6% increase over the current industry standard
lip to flange ratio. This size lip equates to 57% the width of the section and is at the
upper end of EN 1993-1-3 recommendations for local buckling.
Schafer’s second recommendation relates to flange size. His results show that narrow
flanges do not restrain the web leading to local web buckling at relatively low stresses
and wide flanges require uneconomical lips to restrain them. Therefore, he maintains
that a ‘sweet spot’ exists at approximately b = h/3 or where the flange width is
approximately equal to one-third the depth of the member. The current Kingspan
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Multibeam can be taken as an industry standard and for that member there are two
commonly used sizes, 300mm x 90mm and 205mm x 65mm. In both cases, the b/h ratio
is approximately 30%, which is already in the range recommended by Schafer, The
optimised section will follow suit in this regard; 200mm wide and 70mm wide or b/h =
35%.
Based on

Schafer’s research the following amendment to EN

1993-1-3

is

recommended: 5.2(2) currently reads:
0.2 < c/b < 0.6
In order to account for both local buckling and distortional buckling, this should be
modified to:
c
b

0.6

-«

This slight modification is still within the EN 1993-1-3 recommended range ‘to avoid
primary buckling of the stiffener itself and will simultaneous increase the distortional
buckling resistance.
Schafer’s final observation is that distortional buckling resistance decreases (in an
almost linear fashion) as depth of member increases, for a constant thickness. However,
local buckling resistance decreases quadratically (based on the square of the thickness to
height ratio) and thus web depth is more critical in relation to local buckling than to
distortional buckling and so no alteration to the EN 1993-1-3 recommendations for c/t
ratios are required for unstiffened webs. Since distortional buckling is concerned with
failure of the flange-web junction, a deeper web means that less restraint is provided to
this critical junction and thus distortional buckling can occur at lower stresses.
Stiffening both the flange and the web in order to prevent local buckling has the
serendipitous effect of also increasing distortional buckling resistance.
Schafer concludes that the interaction of the flange, web, and lip in determining the
distortional stress is complex and that a set of simple yet general criteria to describe this
phenomenon has not yet been derived. Schafer describes two complex methods for
determining distortional buckling resistance, the first is the effective width approach
and the second is the reduced strength approach. Both of these methods are contained in
EN 1993-1-5 and are interchangeable for design purposes.
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The method used in EN 1993-1-3 is the effective width method, which is an iterative
method based on effective areas and a cross-section modelled using spring supports to
simulate the appropriate junction stiffness. Schafer’s results show that this method leads
to a simplified local buckling design but can be over conservative (by approximately
6%) when compared with experimental results and is often lengthy and unwieldy due to
its iterative nature. Both the effective width and reduced strength methods are valid in
EN 1993; however for hand calculations Schafer favours the latter method.
Schafer’s conclusion relating to optimised sections (channel sections with intermediate
or internal web stiffeners) is that providing additional folds greatly benefits the ultimate
strength but put simply, more folds means more Junctions and since distortional
buckling is related to junctions, it becomes the prevalent mode as the stiffeners have
eliminated local buckling as a concern. Experimental and analytical evidence presented
by Schafer indicates that this distortional prevalence equates to a higher elastic buckling
load (in a distortional mode). This research is inconclusive as to whether distortional
buckling modes are accompanied by a reduced ultimate capacity.
In a purely theoretical sense, based on all available Eurocode guidance, web stiffeners
should increase the effective area of the beam under major axis bending and the
accompanying increase in ^eff and lTei,y,eff will lead to a greater bending moment
capacity. Full-scale testing of any optimised section is the only way to confirm this
since generic numerical models to predict the inherent interaction between distortional
and interaction buckling modes in such highly stressed sections have not yet been
developed.
Further issues relating to the FEA of optimised sections relate to the effect of strain
hardening (during the cold forming process) on the yield strength of the member and the
residual stresses induced in the member due to complex folding processes. Research by
Jacques (22) Schafer (23) and Moen (24) into residual stresses are only relevant for
plain channel and zed sections and do not produce generic numerical models for other
sections. Thus, the actual yield strength of an optimised section can only be determined
by testing.
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3 IS EN 1993-1-3: Cold formed members

3.1 Basis of Design in Eurocode 3
The general approach of Eurocode 3 is essentially to use limit state principles and
partial safety factors. This is a similar approach to BS5950 (25). The general principles
of the limit state design method used in Eurocode 3 are set out in Section 3 of EN 1990
(26). Throughout Eurocode 3, the products of various material properties and geometric
cross-section data give characteristic member resistances, denoted by a subscript ‘k’.
Design resistances (subscript ‘d’) are equal to the characteristic values divided by an
appropriate partial safety factor, y. The partial factor accounts for material, geometric,
and modelling uncertainties (gross errors arising from invalidity of assumption).

Rh =
Ym
where:

Rd

Design resistance

Rk

Characteristic resistance

ysi

Partial factor of safety

In the design of buildings to Eurocode 3, there are three distinct partial safety factors
denoted by subscripts 1, 2, and 3 respectively. Eurocode 3 terms the partial factors as
nationally defined parameters and as such, these may vary from country to country. The
values given in Table 3.1 are valid for both UK and Irish design.
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Partial factor (yxi)

EC3 value

Ymo

Resistances of cross-sections

1.00

Tmi

Member buckling checks

1.00

7M2

Tensile fracture checks

1.25

Table 3.1 Partial safety factors in EC3
3.1.1

Material Properties

The two main ‘uncertainties’ that give rise to the use of partial factors are material
properties and geometric imperfections. The material properties of steel defined in EN
1993-1-1 are shown in Table 3.2.

Material Property

Symbol

Value

Modulus of Elasticity (Young’s)

E

210 000 MPa

Poisson’s Ratio

V

0.3

Shear Modulus

G( = £/2(l + v))

« 81000 MPa

a

12 X lO'Vc

Coefficient of thermal expansion
(valid for all temperatures below 100°C)

Table 3.2 Material properties in EC3

Table 3.1 of Eurocode 3 (IS EN 1993-1-1) gives nominal values for material strength,
which translate to characteristic strengths, based on member thickness. Both the values
in Table 3.1 of EN 1993-1-1 and the values derived directly from product standards (EN
10025 (27)) are valid for use in designs in Ireland. For designs in the UK, only product
standard values may be used, such as those attained from EN 10025. Member sizes and
dimensions taken from product standards may be taken as design values. Table 3.3 is a
comparison of the EN 1993-1-1 and EN 10025-2 values for material strength.
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EN 10025-2

EN 1993-1-1
Steel grade

S235

Thickness

Yield strength,

Thickness

Yield strength,

range

fy

range

fy

(mm)

(MPa)

(mm)

(MPa)

0 < t < 40

235

0 < t <16

235

16 < t < 40

225

40 <t <63

215

63 < t < 80

215

80 < t < 100

215

0 < t <16

275

16 < t < 40

265

40 < t < 63

255

63 < t < 80

245

SO < t < 100

235

0 < t <16

355

16 < t < 40

345

40 <t <63

335

63 < t < 80

325

SO <t < 100

315

40 < t < 80

S275

0 < t < 40

40 < t < 80

355

0 < t < 40

40 < t < 80

215

275

255

355

335

"able 3.3 Materia strength properties for use in EC3

it is nearly impossible to cold form steel greater than 25mm thick and highly
uncommon to see members greater than 5mm thickness in normal construction. Given
such limitations in the cold forming process, the material strengths for the various steel
grades in Table 3.1a of IS EN 1993-1-3 are presented slightly differently to those in
Table 3.3. No reduction in yield strength is required for cold formed members and cold
formed steels may come from a variety of standards, not just EN 10025 as in the case of
hot rolled members. Thus in cold formed steel design, only the highlighted values in
Table 3.3 are required. Tables 3.1a and 3.1b of IS EN 1993-1-3 (3) contain further
guidance on material strength for many other steel grades.
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Durability

Eurocode 3 directs the designer to section 2.4 of EN 1990 (Basis of design); ‘the
structure shall be designed such that deterioration over its design working life does not
impair the performance of the structure below that intended, having due regard to its
environment and the anticipated level of maintenance’ (26).
The following factors affect the adequacy of structures in terms of durability (8):
The
The
The
The
The
I'he
fhe
The
The

intended or foreseeable use of the structure,
required design criteria.
expected environmental conditions.
composition, properties and performance of the materials and products.
choice of the structural system,
shape of the members and the structural detailing,
quality of workmanship and level of control.
particular protective measures.
intended maintenance during the design working life.

Corrosion is generally the most critical factor affecting the durability of steel structures,
particular thin gauge cold-formed steel members such as purlins, or corrugated sheet
members. In addition, a designer can significantly influence the durability of a structure
by the design and implementation of ‘good’ details in accordance with the
recommendations of SCI Publication P291 (28). In essence, corrosion cannot take place
without an electrolyte presence (such as water); design details that allow for suitable
drainage and prevent cold bridging and subsequent condensation will limit or tend to
prevent corrosion.

3.2 Cold formed steel: material
The main difference between hot-rolled and cold-formed steel design in terms of
material properties relates to the yield strength of the steel. A more complete analysis of
the material requirements for cold formed members is given by Gardner and Nethercot
(8) and Clifford (29).
In the design of hot rolled steel members such as UB and UC sections to EN 1993-1-1,
the nominal yield strength is determined for the chosen steel grade and this may need to
be in accordance with either manufacturer’s data given in EN 10025 (UK requirement)
or Table 3.1 in EN 1993-1-1. These values are determined from tensile testing of a
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specimen of the material. The general rule for hot-rolled sections is that as a section gets
thicker its yield strength reduces. This rule holds true whether a designer is following
the eight thickness categories of EN 10025 or the two thickness categories of EN 19931-1 (see Table 3.3). The yield strength of each element of a cross section may be found
independently based on its thickness. It is recommended that the same yield strength is
then used throughout the member. In practice, this means that for I-beams the flange
thickness will determine the section yield strength. In a similar manner to section
classification, each element is examined in isolation and the ‘worst case’ element is
taken as the governing element. For example, an I-beam with 50mm flanges in grade
S355 steel will have a design yield strength of 335MPa, 20MPa (5.6%) less than the
nominal value of 355MPa. This reduction method is common to both Eurocode and the
British Standards and thus is well known to engineers.
The nominal yield strength for cold formed members is given in both product standards
(such as EN 10025) and in two comprehensive lists (Table3.1a and 3.1b) in EN 1993-13. In the design of cold formed steel members, such as purlins, this nominal yield
strength may need to be modified for design purposes and this is for two distinct
reasons. The first reason for modification is related to both cross-section thickness and
the width of the strip of steel required for forming the member. In cold formed design,
members are usually very thin (0.45mm to 5mm) and thus the probability of molecular
imperfections in the steel having an impact on yield strength is much higher than in
‘thick’ hot-rolled sections. Thus for sections less than 3mm in thickness, cut from a strip
of 600mm or greater a 10% reduction in the nominal yield values is recommended by
the Irish National Annex to EN 1993-1-3. In theory this reduction will only apply to
very deep (greater than 250mm) stiffened channel members and trapezoidal (or other)
sheeting members. For example, the optimised steel channel (OSC) section designed for
this project is 200mm deep and 70mm wide with 40mm lips and has a total strip width
of 459.5mm, which even allowing a 15% tolerance for bending of the section into shape
(528.4mm), is still below the 600mm limit and thus reductions are not required. Table
3.4 shows the reductions required for members cut from a strip of 600mm or greater..
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EN10025:2

f \ h an mil

jyb 1 educed

,/U iHIliul

fa reduced

Grade

(N/ninT)

(N/mm^)

(N/mm")

(N/mm^)

S235

235

211.5

360

324

S275

275

247.5

430

387

S355

355

319.5

510

459

Table 3.4 Reductions in material strength for cold formed steel

When reductions are deemed appropriate, the fyh reduced value may be adopted as fyb for
all design purposes.
The second modification to yield strength is an increase based on the strain hardening
effect of cold-forming (manufacturing) process. If a mem.ber has undergone annealing
(post-forming) or welding then the increased average yield strength (fya) is not
applicable at any stage. The increased average yield strength (fya) is obtained from the
Equation 3:1, which is a reproduction of expression 3.1 in IS EN 1993-1-3.

fya = fyb

+

{fu

“

fyb)

ifu

+

fyb)

“

(Equation 3:1)

where:

fu
fu

=

Specified minimum ultimate tensile strength,

fyb

=

Basic yield strength (reduced if applicable),

fya

=

Increased average yield strength,

k

=

Cold forming coefficient,

n

=

The number of 90° bends in the cross section,

Ag

-

Gross cross-sectional area,

t

=

Design core thickness of the material before forming.

The forming coefficient is equal to 7 for roll formed steel and 5 for steel formed using
any other method (press-braked members). All 90° bends must have an internal radius, r
less than or equal to five times the thickness (5t). Fractions of 90° bends equate to
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fractions of n; therefore 45° = n/2. The design core thickness (t) excludes all organic
and metal coatings, such as intumescent paints and galvanic coatings.
In the calculation of section properties such as the effective cross-sectional area {Agff for
any member, the yield strength used is the basic yield strength ifyb). The increased
average yield strength (fya) due to cold forming does not affect basic section properties
and is only considered later in the design process for certain members.
The average yield strength {fya) applies to the design of axially loaded members in
which the effective cross sectional area {Aef) equals the gross cross sectional area (Ag),
such as ties or some struts. It is important to note that not all struts have fully effective
cross sections, and such sections cannot take account of the increased yield strength due
to the effects of cold forming. The average yield strength (fya) also applies when
determining the bending moment resistance of a beam cross section with fully effective
flanges.
It is clear from these rules, that in order to take full effect of the increase in yield
strength due to strain hardening, a member must have fully effective flanges and
preferably a fully effective cross-section, if that member is to be multi-functional and
used as a beam-column. It is assumed in cold formed steel design to EN 1993-1-3, that
all sections are class 4 members (in accordance with EN 1993-1-1) with ineffective
areas in the cross-section. However, in terms of‘traditional’ section classification to EN
1993-1-1, a member with a fully effective cross section is a class 3 section and fully
effective flanges are class 3 elements. In cold formed design, this ‘equivalent class 3
member’ is achieved (or at least sought after) by using stiffeners within the section.
I'hese stiffeners take the form of folds and returns and reduce the effect of local
buckling on the member.
Wide plate elements cannot resist significant compression forces and thus stiffeners are
introduced to ‘break up’ and restrain these plate elements. It is very important that
stiffened sections are designed so that connection to other members is not impeded by
protruding lips or folds.
In seeking to optimise a cold formed steel channel in terms of structural performance,
the interaction between yield strength and section stiffeners is a logical starting point.
Whilst stiffening the section using folds and returns is not guaranteed to create a fully
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et'fective cross-section, it will reduce the ineffective areas and create an overall stiffer
section, with higher bending moment capacity and less susceptibility to lateral torsional
buckling or distortional buckling failure modes and less deflection in-service.
In this vein, six different sections based on a 200mm x 65mm channel section across a
range of thicknesses from 1mm to 10mm were chosen for analysis. These cross-section
dimensions were arrived at, taking account recommendations for the prevention of
distortional buckling given by Schafer ((19, 30, 31). However, since cross-section
dimensions are only relevant in terms of determining the cross-sectional area and have
no bearing on the factors ‘k’, ‘n’, and ‘t’ in equation 3.1, variations in the crosssection’s breadth and width will be ignored for the moment. The six different sections
chosen for analysis are shown in Figure 3-1 and described in detail in Table 3.5.

n

\

\

/
Plain

Type 1

Type 2

Type 3

Type 4

Type 5

Figure 3-1 Cross-sections chosen for yield strength analysis

Name

Dimensions(mm)

Description

(b*d)
Plain Channel

200*65

No stiffeners

Type 1

200*65

Top flange contains internal stiffeners

Type 2

200*65

Both flanges contain internal stiffeners

Type 3

200*65

All elements stiffened internally

Type 4

200*65

Top flange and web contain internal
stiffeners

Type 5

200*70

All elements stiffened internally with
flange doubly stiffened with external lips

Table 3.5 Description of cross-sections chosen for yield strength analysis
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Using Equation 3:1, an MS Excel spreadsheet was developed which plots the basic
yield strength and average increased yield strength for each of the sections shown in
Figure 3-1. The steel grades examined were S235, S275 and S 355 (from EN 10025
(27)). The results of this spreadsheet are shown in Figure 3-2 to Figure 3-7.

Design yield strength for a plain 200x65 channel section

------- Roiled, S355
------ Pressed. S355
........ Basic Yield Strength, S355
— Rolled. S275
- Pressed, S275
........ Baste Yield Strength, S275
— Rolled, S235
.. . Pressed, S235
........ Basic Yield Strength. S235

Figure 3-2 Design yield strength for plain channel section
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Design yield strength for a type-1 stiffened 200x65 channel section

-------Rolled, S355
------ Pressed, S355
........Basic Yield Strength, S355
-------Rolled, S275
• - - Pressed, S275
........Basic Yield Strength, S275
——Rolled, S235
• - - Pressed, S235
........Basic Yteld Strength, S235

Figure 3-3 Design yield strength for type-1 stiffened section

Design yield strength for a type-2 stiffened 200x65 channel section

------ Rolled, S355
• - - Pressed, S355
....... Basic Yield Strength, S355
— Rolled, S275
’ “ — Pressed, S275
....... Basic Yield Strength, S275
------ Rolled, S235
• - - Pressed, S235
....... Basic Yield Strength, S235

Figure 3-4 Design yield strength for type-2 stiffened section
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Design yield strength for a type-3 stiffened 200x65 channel section

■ Rolled, S355
—

— Pressed, S355

...........Basic Yield Strength, S355
---------Roiled, S275
“““ Pressed, S275
...........Basic Yield Strength, S275
---------Rolled, S235
— — — Pressed, S235
...........Basic Yield Strength, S235

Figure 3-5 Design yield strength for type-3 stiffened section

Design yield strength for a type-4stiffened 200x65 channel section

---------Rolled, S355
— — — Pressed, S355
...........Basic Yield Strength, S355
--------- Rolled, S275
— - - Pressed, S275
...........Basic Yield Strength, S275
— Rolled, S235
—

— — Pressed, S235

...........Basic Yield Strength, S235

Figure 3-6 Design yield strength for type-4 stiffened section
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Figure 3-7 Design yield strength for type-5 stiffened section (OSC section)

The results presented in Figure 3-2 to Figure 3-7 show that for a plain section,
increasing the thickness of the member is a viable way of achieving a higher yield
strength, right across the 1-10mm range for any channel section (regardless of
modifications through stiffeners). As more stiffeners are added to the section, the
effective increase in yield strength due to increasing thickness is reduced. Upon
reaching the type 5 section, where the maximum amount of stiffening has been
undertaken for all elements of the member, thicknesses greater than 3mm offer no extra
gains in yield strength. In all cases, regardless of steel grade, rolled sections (k = 7) give
a higher yield strength than pressed sections (k = 5), as is obvious from the increased
average yield strength equations. The conclusion to be drawn from this analysis is that
the type 5 section should be pursued for detailed design as it gives the greatest increase
in yield strength for thicknesses between 1mm and 3mm. At 3mm thickness the second
part of Equation 3:1 becomes the governing factor and the yield strength is limited to a
strength halfway between the basic yield strength and the ultimate strength.
The Kingspan Multibeam purlin is one of the most popular cold formed steel section
used in Ireland. It is a modified channel section featuring a stiffened web with plain
flanges. The member thicknesses range from 1.2mm to 2.7mm for the 205mm deep
section. For this reason, all further research into section optimisation will be undertaken
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on the basis of a 2mm section as this represents the average across the Muitibeam range
and allows for comparative analysis to be undertaken.
EN 1993 limits the increased average yield strength
basic yield strength

ifyb)

{fy^

to a value half way between the

and the ultimate tensile strength (/„), regardless of the level of

stiffeners provided in the cross-section. The maximum increase available in the yield
strength can be quantified as follows:
fy, b

fu

fa. max

^fy, max

^ fy, max

(N/mm^)

(N/mm^)

(N/mm^)

(N/mm“)

(%)

235

360

297.5

62.5

26.6

275

430

352.5

77.5

28.2

355

510

435.5

77.5

21.8

High-grade steels such as S355 are common in cold formed steel design. Because of
this, it is reasonable to expect a gain of approximately 22% in yield strength in
sufficiently stiffened, roll formed, purlin members over the nominal values given in the
product standards.
There are two main kinds of cold forming used for structural sections. These forming
techniques affect the yield strength in different ways, as shown in Figure 3-2 to Figure
3-7. The first type, known as roll forming involves passing long sheets through rollers
to force the sheet into shape. There are high set-up costs associated with roll forming
and thus it is more economical when large quantities of one type of section are to be
produced at one time. The other popular form of cold forming steel sheets is known as
press braking. The method is normally only suitable for simple shapes such as plain
channel sections not longer than 6m (limited by the physical size of the machine). The
main advantage of press braking is that the set-up costs are much less and this may be a
significant advantage for a short production run.
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3.3 Special considerations for purlins
Part 1 of section 10 of EN 1993-1-3, ‘special considerations for purlins, liner trays, and
sheeting’, gives specific rules applicable to purlins restrained by sheeting. The rules
apply to zed, channel, sigma, and hat sections. In a similar manner to member design to
EN 1993-1-1, the first step is section classification for local buckling; this is a go no-go
classification with the following width to thickness ratio limits used;
Web of the purlin:

Vt < 233

Single lip stiffener:

7t < 20

Double lip stiffener:

< 20

The Irish National Annex agrees with these values. No guidance exists on an
appropriate range of flange width to thickness ratios. If the guidance given in 5.2(2) of
EN 1993-1-3 is taken as a benchmark, then it is clear that the values given in section 10
are approximately 40% of those given in Section 5 of EN 1993-1-3 for general use.
Applying this logic to the standard flange widths to thickness ratios in Section 5 EN
1993-1-3 and extrapolating, the following b/t range emerges:
Flanges of the purlin:

13.34 <

< 40

The provisions in section 10 apply to purlin systems with or without sag bars; spanning
simply, continuously, in a sleeved arrangement, or overlapped for continuity. These
provisions apply to all beam members fully restrained by sheeting; this includes purlins,
sheeting rails, and floor beams restrained by sheet decking. The equation for restraint is
simple; the stabilizing force (S) provided by the sheeting must be greater than the
overturning force in the purlin (Fo).

S>Fo
The stabilizing force depends on the warping rigidity {Elf), the torsional rigidity (G/,),
the minor-axis (or minimum) flexural rigidity {EL), the depth of the member {h), and
the length of the purlin {L). The formula for Fo is based on Expression 10.1a in EN
1993-1-3.

Fo
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The torsional rigidity and warping rigidity (the first two parts of the equation) account
for torsional buckling of the member, a phenomenon common in thin cruciform sections
subject to pure compression. The third part of the equation is effectively equal to one
quarter the minimum flexural buckling capacity of the member according to pure Euler
theory (Ncr,z)- The final part of the equation normalises the torsional and flexural
components of the equation with respect to the depth of the cross-section. Since the
warping and torsional components of the force are both constrained by the length of the
member, the torsional rigidity (component of the overturning force) is the governing
aspect only in quite long members, with the other two components controlling
behaviour in shorter members. This is true in all sections regardless of section
dimensions. As the span increases so does the influence of the torsional rigidity;
specifically there is a greater torsional force to be resisted in order for the sheeting to
provide adequate restraint. This agrees with the general rule that torsion (twisting) of a
section is more prevalent over longer spans.
A similar relationship exists between the overall depth of the section and the minor axis
flexural rigidity component of the overturning force. When the formula for overturning
force is broken down, it appears that the depth of section has no effect on flexural
rigidity about the minor axis and thus if a selection of cross-sections of equal widths and
varying depths were compared spanning the same distance, the flexural rigidity
component would be more critical in deeper sections. However, there is a relationship
between section depth the second moment of area about the minor axis which in turn
effects minor axis flexural rigidity. Taking a basic rectangular cross section of depth ‘d’,
and width ‘b’, the second moment of area about the minor axis (1^) is defined as db /12.
In such a simple section, there is a linear relationship between an increase in section
depth and the flexural rigidity of the member. In practice, a solid rectangular piece of
steel will not be utilised as a purlin; a channel section (perhaps modified to some
degree) will instead be used. In a channel section, 70mm wide and 2mm thick, the
effective increase in L reduces to zero as the member depth tends toward infinity, as
shown in Figure 3-8.
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Figure 3-8 Increase in f versus section depth for a TOmni wide, 2nini thick channel

Thus, increasing the depth of the section will reduce the impact of the torsional and
warping rigidities because they are both divided by depth to the second power. At the
same time, the increase in depth of the section will increase the actual value of the
flexural rigidity. Therefore, in the case of varying section depth, all rigidities are
affected to some degree.
The effect of the warping rigidity on the total overturning force

{Fq)

is reduced at the

same rate by increasing the depth and varying the span, respectively. The effect of these
section rigidities (warping, torsional, and flexural) on the overturning force

{Fq)

as the

span varies is shown for the channel section, Kingspan Multibeam and the OSC section
in Figure 3-9.

Figure 3-9 Effect of the section rigidities on the overturning force
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In a general sense, the overturning force in the member decreases as the member span
increases. Therefore, the sheeting needs to be stiffer (higher rigidities) to restrain a Im
long member than a 4m long member. This reduction in

Fq

is shown in Figure 3-10. It is

interesting to note that the stiffer OSC section requires a stiffer sheeting to restrain it
than the Kingspan section (shown in Figure 3-10 and 3-11). As a general rule of thumb,
the higher the value of Fq, the greater the section resistance to lateral torsional buckling.
This rule of thumb will be proven by FEA (Chapter 7) and ULS design to EN 1993-1-3
(Chapter 8).

Figure 3-10 Decrease in
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Figure 3-11 Difference between Fo Kingspan section and OSC section

A thorough analysis of the special considerations for purlins (Section 10 of EN 1993-13) and the simplified design rules for purlins (Annex E of EN 1993-1-3) is given by
Clifford (29). Further reference to the design rules of EN 1993-1-1 is made in Chapter
5, 6 and 8 of this report.
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4 IS EN 1993-1-5: Plates
IS EN 1993-1-5:2006 - plated steel elements (4), gives design requirements of stiffened
and unstiffened plates subject to in-plane forces. This part of Eurocode 3 covers plated
structures, which are defined as those built up from nominally flat (stiffened or
unstiffened) plates connected together. Plated structures include I-section girders, box
girders and cold formed channel sections. Stiffeners may be transverse or longitudinal.
Transverse stiffeners are commonly used in I-girders under the point of application of
permanent point loads or at the supports in heavily loaded members such as bridge
beams. In cold-formed steel beam design, transverse stiffeners are rare for two main
reasons. The first is that cold-formed beams and particularly purlins arc usually not
designed to transfer point loads and secondly the process of welding such stiffeners into
place is often not compatible with the cold-forming process. Conversely, longitudinal
stiffeners in the form of folds and returns are very common in cold formed members as
they help stiffen both webs and flanges against the effects of local and distortional
buckling. The effects of out-of-plane loading are not examined in this code.

4.1 Introduction / basis of design and modelling
When designing plated structures in accordance with EN 1993-1-5, the effects of shealag, plate buckling and the interaction of both effects should be taken into account at the
ultimate, serviceability or fatigue limit states.
Three approaches to the analysis of plated structures are covered by EN 1993-1-5:
•
•
•

Effective width method,
Reduced stress method,
Finite element analysis.

The ECCS (European Convention for Constructional Steelwork) guidance documen
(32) for the design of plated structures to EN 1993-1-5, recommends that the first tw(
methods be used in the design of plated structures and that FEA may be used t(
calculate the elastic critical stresses to be used in the first two approaches. The onb
caveat to this guidance is that FEA may be used for full design but this require:
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experience, appropriate software and careful interpretation of the results (32), In
accordance with this guidance, all FEA carried out in this project is carried out to
supplement and inform the effective width method. The elastic critical moment {Mcr) is
calculated using linear eigenvalue analysis in LUSAS. The use of a full non-linear FEA
design model based on laboratory testing is the next step in optimising the OSC section
designed for this project. Full FEA may be used to verify results attained using the
effective width method or to improve upon them and achieve greater economy in
design.

4.1.1

Effective width models for global analysis

EN 1993-1-5 incorporates three distinct effective width models, as follows:
•
•
•

Effective^ width
Effective^ w idth
Effective width

- shear lag effects
- local buckling of plates
- interaction of shear lag and local buckling

Shear lag and plate buekling both reduce the stiffness of plated structures and their
effects must be accounted for in global analysis. For both of these phenomena, effective
width models are employed. In these models, the width of the plate element, such as a
compression flange, is reduced to allow for the effects of shear lag and plate buckling
respectively.
The effective^ width is taken as constant over a given span. The effective^ width of a
flange on either side of a web (as shown for a box section in Figure 4-1) is calculated as
the one eighth of the effective length of the span, for all layouts. The formulae for
calculating effective^ widths are summarised in Table 4.1.
Span Layout

Length of Span

Effective Length

Effective* Width

(bS
Simply supported

L,

L,

Ll/8

Continuous span

u
u

U

L2/8

2U

2L3/8

Cantilever

Table 4.1 - Effective* width of flanges in IS EN 1993-1-5
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beff —

Figure 4-1 Effective* width of a box section for global analysis (32)

The effect of plate buckling in global elastic analysis is taken into account by the use of
the effective^ width method. This effect may be ignored depending upon the effective
cross sectional area of the member at the ultimate limit state. If the effective cross
sectional area is greater than a threshold value then the effect of plate buckling may be
ignored and the effective'^ width model is not required. I’his threshold value is
dependent upon a nationally defined parameter, pi,m, which is defined as 0.5 in the Irish
National Annex to IS EN 1993-1-5. The threshold of influence for plate buckling can
then be determined from Equation 4:1. Research carried out by the ECCS shows that
only very slender plates violate this criterion (32).
Ignore Plate buckling if:

^eff ^ Plim^gross

(Equation 4:1)

4.1.2

Applicability of the effective width models for global analysis

The design procedures in IS EN 1993-1-5 that are based on the effective width model
are only applicable to uniform plates, which may be stiffened for unstiffened. There are
three uniformity categories for plates, as follows:
1. Uniform plate
2. Nominally uniform plate
3. Non-uniform plate

: Any rectangular plate, which measures b*d,
: Quadrilateral, almost-rectangular plates ,
: Quadrilateral, non-rectangular plates.

It should be noted that a plate is only considered uniform if the width of the largest cut
or diameter of the largest hole does not exceed 0.05b, where b is the plate width. The
most efficient way to analyse a non-uniform plate member such as a beam with
haunched web, a castellated beam or a plate which is not quadrilateral is to use FEA
techniques.
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4.2 Shear lag
The optimisation of a purlin sections is primarily concerned with cross section design to
limit premature buckling. However, through the use of stiffeners, other phenomena such
as shear lag may be prevented.
In simple bending theory, the compression and tension flanges are assumed to be
subject to uniform axial stresses. In the case of wide flanges, this assumption does not
hold true and a maximum stress occurs at the flange-web junction. The stress
distribution then reduces (linearly or otherwise) transversely across the flange width.
This effect is known as shear lag and can affect both tension and compression flanges.
When the flange width in a H-shape section such as a UB section is not negligible in
comparison with the span, the transverse distribution of the longitudinal normal stresses
is no longer uniform over the whole width of the flange. For typical box girder bridges
up to 70m spans, the influence of shear lag and its interaction with the various plate
buckling modes is important. However, in the analysis of purlins, for many practical
spans the influence of shear lag is negligible. Since the channel section is the basis for
all purlins, this discussion of shear lag will focus upon channel sections.
In IS EN 1993-1-5, the rules for shear lag are governed by two criteria; flange type and
bending moment diagram. The first criterion, flange type, relates to the support
conditions of the flange, in the exact same manner as section classification in IS EN
1993-1-1. A flange may be classed as an internal element or an outstand element. An
internal flange is one with an internal fold or one bounded by a lip stiffener. The flange
in plain channel section is classed as an outstand flange. The flange type then influences
the 'bo term used in Equation 4:2. The second criterion is the bending moment
diagram, which is dependent on loading, support conditions (fixed, pinned etc.) and
whether the member spans continuously or is simply supported. The 'Le term is defined
as the distance between the point of zero bending on the bending moment diagram.
Therefore, for a simply supported span the 'Lg term will equal the length of the span
and for continuous members Lg will depend on the portion of the member under
consideration. The values of Lg quoted in Table 4.2 are given in IS EN 1993-1-5 for
adjacent spans that do not differ by more than 50% and where cantilevers are not greater
than half the length of adjacent interior spans. For cases where this does not apply, Lg is
taken directly from the bending moment diagram.
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it can be seen that in IS EN 1993-1-5, shear lag is dealt with based on an extension of
plate theory. The shear lag verification essentially assesses the plate aspect ratio,
including the influence of varying support conditions in order to determine whether
shear lag could affect the flange. When the effects of shear lag are deemed important, an
effective^ area is defined in IS EN 1993-1-5. If the criterion in Equation 4:2 is satisfied
then the effect of shear lag can be neglected. Table 4.2 gives the coefficients for use in
Equation 4:2.

^0

(Equation 4:2)

Basic flange width for shear lag, ho

Stiffened Flange

Outstand Flange

0.5b

b

Effective length, Le
Simply supported member

L

Exterior bay in continuous system
Hogging over interior support

0.85L
0.25(Lbayi + Lbay2)

Interior bay in continuous system

0.7L

Hogging over cantilever support

2Lcantilever

Table 4.2 Effective member lengths and flange widths for shear lag

where:

the span of the member between supports,
the actual width of the flange.
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It is common for purlins to span between 4 and 8m. For a 200mm deep, 65mm wide,
simply supported plain channel section, the influence of shear lag can be neglected for
all spans in excess of 3.26m. Thus, across ‘common’ spans, shear lag does not affect
these purlins. However, if lips are included on a section, such as in the optimised (OSC)
section proposed in this project, then shear lag can be ignored for all spans in excess of
1.63m. Lips are commonly included on a channel section to help resist local and
distortional buckling, but their secondary use is to reduce the effect of shear lag and
extend the range over which the member can be used without extended cross-sectional
analysis. Since shear lag is inconsequential for all practical spans for the OSC section, it
can be ignored for design purposes.

Further information on the interpretation and implementation of the design rules in EN
1993-1-5 is given in ECCS guidance by Beg et al. (32). Where relevant, all further
discussion of EN 1993-1-5 is incorporated into chapters 5 to 8 of this report.
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5 Section Properties Calculator

5.1

Section properties calculator tools

Using the ‘massprop’ function in AutoCAD or the arbitrary section properties calculator
in LUSAS FEA, many section properties for any shape can be ascertained. The problem
with these tools is that any slight modification of the cross section renders previous
outputs invalid and these tools do not automatically update. During the course of this
project, the chosen optimal cross section design evolved as the results from further
research into local, distortional and lateral torsional buckling emerged. This constant
evolution meant that the calculation of section properties in either AutoCAD or LUSAS
was laborious as sections had to be constantly redrawn and properties re-calculated. A
further problem in this regard, is that neither AutoCAD nor LUSAS give the complete
list of section properties required for design to Eurocode 3.
The LUSAS section properties calculator gives cross-section area, co-ordinates of the
centroid, torsional constant, second moments of area about both the major and minor
axes, and the product second moment of area. A useful aspect of the LUSAS section
properties calculator is that it is based on an FE mesh and thus refining this mesh can
give more accurate results for more complex shapes. In order to use the LUSAS section
properties tool, one must draw the cross section and create a surface or number of
surfaces. Confusingly, the output picture displayed for the cross-section in LUSAS
resembles a concrete box section and does not update to show the co-ordinates or shape
of the member under consideration. The only purpose of this picture is to show the user
the notation for the centroidal co-ordinates.
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LUSAS Academic (Analyst Plus) - 2mm thick surface model for fe section properties (Not Resportding)
File

Hctp

iTi H

I#

' T i- -> r

LUSAS Viewir 2r Arfeitrary Section Propefty Calculator

BE
g-

Dntensonal data
Section properties are
caloiated from geornetty
data which must be
(Mned in the XY plane

L

Ensure view axes are
Si the orientation

30.3203

C«rt»wdycf 101 0
Max ets/%ie
I

inm thick surface model for fe section properte

P

I~ Add to tarver library

r~ Add to bcal Sbrar/

.^ssk..

Cancel

I

Help

I

ipeofy..

Surface 1 Area-923.226 Centroid X-30.3203 Y-101 0
Surface 1 Ixx-14 8132E6 lyyl 4601E6 Ixy-2 82724E6 J-1 11245E3
using 20 shear divisions
Section Area-923.226 Centroid X-30 3203 Y-101 0 Ixx-5 39537E6 Iyy-611 362E3 Ixy--89 8726E-9 J- ji
Mesh Attribute "Surface Mesh* doassignod fron Surface "1"

Ctrl-Break to abort | Surface 1, 200 faces, 1% com Units: N,mm,t,s,C

X: -37246

Y: 235,525

Z; N/A

Selected None

In order to use the AutoCAD ‘massprop’ function, the member must first be defined as
a region. This is similar to creating a surface in LUSAS. The easiest way to create a
region is to first draw the section using a single two-dimensional polyline; this ensures
that there are no minute gaps preventing the region being formed. It is possible to
import AutoCAD drawings (.dxf files) to LUSAS for quicker cross sectional analysis.
Again, it is recommended that this method be used only if these drawings have been
drawn using the polyline tool.
Unlike LUSAS, the AutoCAD ‘massprop’ function is not based on FEA and cannot be
refined to suit complex shapes. Once a region is created, the ‘massprop’ function will
produce the following output:
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f-----

—^^^—=—=—^ ................... .. —
(3 AutoCAD Text Window - Drawing l.dwg

1 <» 1 1

1®

Edit
Command: massprop
Select: objects: Specify opposite corner: 1 found
Select objects:
-----------------

REGIONS

Area:
Perimeter:
Bounding box:

X
Y
Centroid:
X
Y
Moments of inertia:
X
Y
Product of inertia:
XY
Radii of gyration:
X
Y
Principal momenta and XI;

J

-----------------

2096.6968
188.5263
0.0000 — 35.9651
0.0000 — 58.2980
17.9826
29.1490
2375320.6890
904019.4296
1099034.3628
33.6584
20.7645
Y directions about centroid:
593830.1722 along [1.0000 0.0000]
226004.8574 along [0.0000 1.0000]

Write analysis to a file? [Yea/No] <N>: |

J

□

While useful, the LUSAS and AutoCAD section properties calculator are not perfect for
design to Hurocode 3. Further properties such as the warping constant of the section
(which is vital for all lateral torsional buckling checks) are not provided.
Many textbooks (7) and websites give exhaustive lists of simple formulae for
calculating the section properties for common structural shapes such as solid rectangles
for timber and concrete beams or 1 sections and channels for steel. In many cases, these
formulae are approximations derived from the formula for simple rectangles and are not
applicable to complex shapes such as stiffened channel sections or box girders. No
comprehensive list of formulae exists for the calculation of section properties for a
general shape.
Annex C to EN 1993-1-3 offers a solution to this problem. This annex presents general
formula for the calculation of many section properties for any open section formed from
one continuous sheet. The section properties calculated using the Annex C method are
applicable for use throughout EN 1993. The formulae are based on nodal eo-ordinates
and in many ways are similar to a finite element approach and thus are applicable to any
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shape. Methods exist within the annex to extend the formula to apply to I beams, box
girders, and any other closed shape.
The calculation method in Annex C is too long and repetitive for efficient calculation by
hand but like many formulae in EN 1993 is well suited to a spreadsheet solution. The
formulae are designed to work for any number of nodes greater than two (the minimum
number of nodes required to define a flat plate), but there is no limit to the number of
nodes that can be used. This method is only capable of dealing with plate elements.
However, a series of nodes could be be used to approximate round comers in a similar
manner to meshing an FE model. For example, if a 90° angle is approximated to a
quarter of an icosagon (20-sided polygon) it can be modelled or described using six
nodes and five parts (‘part’ is the term used in place of‘side’ in Annex C).
Using nodal co-ordinates there is no limit to the level of accuracy that can be achieved
through approximating rounded edges and curves in complex shapes. Fiowever, much
like mesh refinement in FEA (LUSAS, ANSYS etc.), there comes a point where the
increased accuracy due to the increased number of nodes is out-weighed by the
computational time required. In a spreadsheet, computational time refers to the time it
takes to modify equations and edit cells rather than a ‘solving’ time.
It is clear then that using Microsoft Excel (or similar), a spreadsheet solution to
calculating section properties for any section with any number of nodes can easily be
created. Using Visual Basic for applications (VBA) coding and creating MACROS this
spreadsheet can be automated for user friendliness. The use of MS Excel allows graphs
of the cross-section and printouts of the section properties to be generated. The number
of nodes must be decided during the writing of the spreadsheet and the user cannot
easily alter this during calculations, unlike mesh refinement in LUSAS. This is the only
limitation to the accuracy of this program. If full automation with a user controlled
number of nodes is sought, one could consider writing a stand-alone program using
FORTAN or C++ code; such programming is beyond the scope of this project given the
time required for development of such a program.
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5.2 Spreadsheet solution based on Annex C (EN 1993-1-3)
For this project, an 18 node system (labelled 0 to 17 in Annex C) was chosen. This is
the minimum number of nodes required for a lipped channel section with a stiffened
web and stiffened flanges, assuming that rounded edges may be approximated to sharp
corners without introducing significant error. Further information on the approximation
of round corners is given in section 5 of EN 1993-1-3. The spreadsheet solution
developed known as ‘Section Properties Calculator’ (SPC) allows the user to calculate
properties for eight built-in common structural shapes and advanced users may wish to
use the ninth option ‘Arbitrary Open Section’ which defines a new section based purely
on 18 nodal coordinates and a (non-varying) cross section thickness. SPC is included on
the CD-ROM accompanying this project. All material properties, such as Young’s
Modulus and Poisson’s ratio are taken from EN 1993, although these can be changed by
the user in ‘Material Properties’.
Upon opening the spreadsheet in MS Excel, the user is prompted to ‘enable MACROS’
and once this is done the ‘Welcome’ menu is displayed. The user may choose from a
selection of self-explanatory options.
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If the user clicks ‘I-beam’ the ‘I-Beam. Input’ menu appears.

Here the user is presented with control buttons to enter various overall I-beam
dimensions. All user entries must be given in millimetres unless prompted otherwise.
Clicking on the ‘Depth (h)’ button brings up a message from MS Excel prompting the
user to input the overall beam depth. Clicking on any of the other light grey control
buttons brings up a similar prompt with user directions. The dark grey button marked
‘Cancel’ returns the user to the welcome menu and the blue ‘GO’ button brings the user
to the ‘I-beam Output’ menu.

The user must type the section depth in the box provided and clicking ‘OK’ and return
to the I-beam Input menu. Once the user has repeated this process for member width,
flange thickness and web thickness, clicking the blue ‘GO’ button will carry out the
calculations and bring the user to the ‘I-beam Output’ menu.
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This program is based on a simple spreadsheet and is not error checking; this means that
if the user enters a value of 100mm for section depth and specifies 70mm thick flanges,
although this is not actually possible, the program is not capable of preventing such
gross errors. It is therefore important to always read the dimensions given on the output
screen and ensure they match the intended inputs.
I-Beam Output

Bade

Return to Main Menu

Print Results

There are three buttons on the I-beam output menu. The button marked ‘Back’ allows
the user to return to the I-beam input menu. The button marked ‘Print results’
automatically sends the output page to the default printer set-up on the user’s
workstation. Finally, the blue ‘Return to Main Menu’ button brings the user back to the
welcome screen. The output for an (arbitrary) I-beam includes all relevant design data.

Output

Section Properties calculator

l-BBAM Section Properties
'y

705,293,718 mm*

Iz

38,494,006 mm*

lyz

0 mm*

*P

743,787,724 mm*

It

2,378,803 mm*

Iw

2.18412E+12 mm*

Dimensions
Overall depth

500 mm

Overall width

213.9 mm

Flange thickness

23.6 mm

2,821,175 mm*
W„,z

359,925 mm*

A

17,099 mm^

Mass

136.828 kg/m

ly

Iz

203.09 mm
47.45 mm

Wp.,v

3,205,590 mm*

Wp.,z

565,624 mm*

U

X
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The MACROS that control the spreadsheet are set up so that the user never has to
interact with (or corrupt) the individual cells within the spreadsheet. However, the user
can view the spreadsheet by clicking the orange ‘X’ button on the top right hand corner
of any of the main menus to leave the automated setup. The user can then navigate the
program as with any MS Excel spreadsheet. To return to the automated menus the user
can click the ‘Run Program’ button on the ‘START’ tab. It is recommended that any
alterations to the code be saved under a different file name and path so that the user can
always revert to the original.

All eight of the basic shapes on the welcome menu have similar control buttons and
menus attached to them. The exception to this is the ninth button ‘Arbitrary Open
Section’, which has a different input menu. Clicking on this button brings up the ‘User
generated Section Input’ menu. Instructions are given in this menu for optimum use of
the calculator. The user is prompted to enter y and z co-ordinates for all 18 nodes with
no blank cells allowed. The thickness for the section can also be altered at this stage.
The ‘Cancel’ and ‘GO’ buttons operate as before and the output menu for this section is
also unchanged.
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User-generated Section Input

These calculations are valid for any open section defined by 18 nodes.
Biter all measurements and nodal co-ordinates in mm.
Nodal notation is in agreement with EN 1990, where y-axis is horizontal
and z-axis is vertical.
Nodal numbering must begin at the i4}perTnost right harxJ node of the
member and proceed linearly toward, and finish up at, the bwermost
right hand side. Therefore node 1 = top right... proceed along a line and
node 18 = bottom right

Node 1

m

z

Node 2

y

z

1

Node 11

z

1

Node 12

Node 3

1

y

Node 10
Thickness

Node 4

V

1

z

I

Node 13

Node 5

V

1

z

1

Node 14

Node 6

V

1

z

1

Node 15

Node 7

y

1

z

1

Node 16

Node 8

y

1

z

I

Node 17

Node 9

V

z

Caned

Node 18

Note: it may be useful to import AutoCAD drawings into LUSAS or
similar F=EA Programs to get exact co-ordinates of nodes.
For simple shapes, divide the plate elements into multiple portions
in order to utilize al nodes or consider using one of the other builtin section properties calculators.
In all cases, rounded edges are ignored. This may be overcome by
the user by approximating curves with multiple nodes.

This arbitrary section properties calculator tool is used throughout the project for
calculating gross section properties, section properties of plate stiffeners and finally for
calculating effective section properties of the reduced section. This program is suitable
for use with any material (by varying parameters in the preferences menu) and can be
used for any further research into cross-section optimisation. The next step in the
expansion of this tool is to incorporate the cross-section reductions for local and
distortional buckling in accordance with Section 5 of EN 1993-1-3.
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5.3 The Maths behind the program (Annex C.l)
All the formulae for calculating the section properties are given in Annex C to EN
1993-1-3. The first step in determining section properties in accordance with Annex C
is to discretise the cross section into a chosen number of parts. For ease of use, these
parts should equate to the flat plate elements used in local buckling classification. This
means that an I-beam is defined by a minimum of five parts. The top and bottom flanges
are each split into two parts respectively and the web makes up the final part. The parts
are numbered 1 to ‘n’, with a node inserted between every part. The nodes are
numbered 0 to ‘n’. This means that member with eight parts (numbered 1 to 8) will have
nine nodes (numbered 0 to 8). In a generic cross-section, the number of parts can be
decided by the number of changes of direction in the cross section. Thus, by inserting a
node at every change of direction, the cross-section is defined by ‘joining the dots’.
Every part of the cross section may be assigned a different thickness, thus allowing
‘real’ I-beams, asymmetric welded members or complex folded members to be
modelled.

A

7

9
T“

T

The axis notation used in Annex C is consistent with the axis notation throughout the
Structural Eurocodes. The vertical cross-sectional axis is the z-axis, the horizontal
cross-sectional axis is the y-axis and the longitudinal axis (which does not affect section
properties calculations) is the x-axis. Therefore any node is defined in a Cartesian co
ordinate system by its (y, z) co-ordinates.
There are two sets of interchangeable notations used in Annex C when referring to
nodes and parts. The first notation separates parts and nodes in (i) and (j) respectively.
In this notation system, parts (i) range from 1 to ‘n’, and nodes (j) range from 0 to ‘n’.
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Each part (i) has a thickness /, (part 1 = //). This is a global notation and while useful, it
is not used in calculations. The second set of notation, which is used in calculations,
defines parts using the (i, i+l,....n) notation but then attaches two nodes to every part.
For example, part 1 is defined by nodes 0 and 1, therefore, when carrying out
calculations for part 1, node 0 is renamed node (i-1) and node 1 is renamed node (i).
Part number

Globally defining nodes

(i)

G)

(i)

(i-1)

1

0, 1

1

0

2

1,2

2

1

3

2,3

3

2

n-1

n-2, n-1

n-1

n-2

n

n-1, n

n

n-1

Locally defining nodes

This system of numbering means that every node (except node 0 and node n) is attached
to two parts. However, calculations are only ever carried out for individual parts.
Node (j)

Attached to part

(0-n)

(i)
(1-n)

0

1

1

1,2

2

2,3

3

3,4

n-2

n-2, n-1

n-1

n-1, n

n

n

Mathematically speaking, when undertaking full section properties calculations, a third
node is required. Depending on the situation, this third node may be either the centroid
of the gross cross section or the shear centre of the member. This method of numbering
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may seem confusing but is generic enough to be used for any section and since it only
uses two place-holders (0 and 1) rather than an infinite number of place-holders (0 to n)
it is more efficient in use of computing power.

5.3.1

Basic formulae for open sections (Annex C.l)

Once a part has been defined by two nodes in the y-z plane and assigned a thickness, the
next step is to calculate the cross-sectional area of the part (dA,). The area of a single
cross-sectional part is defined by the vector formed by multiplying the thickness of the
part by the distance between defining nodes. The distance between nodes is calculated
using the standard formula for the distance between two points on a Cartesian plane.
The total area of the cross section (A) is then defined as the sum of the cross section
areas of all the individual parts (1 to n).

dAi =

A = ^

Ji4{yi - 3>i-l)^ + (^ - Zi-\f]

dAi

i=1

This method of calculating the properties of a single component (or part) and then
summing the results to determine a gross cross sectional property is used extensively
throughout Annex C.
The next step is to calculate the first moments of area with respect to the y (major) and z
(minor) axes respectively. These values are required for the calculation of the centroid
of the cross-section (centre of gravity), which then allows seeond moment of area
calculations to be completed.
The component of the first moment of area with respect to the y-axis for an individual
part is defined as the average z co-ordinate multiplied by the area of the part. The
average z coordinate is defined as (zj + Zj.i) / 2. The summation of these values for all
parts of the cross section gives the first moment of area about the major axis (Syo). The
first moment of area about the minor (z) axis is calculated in a similar manner.
dAi
i= 1
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The first moment of area is a measure of the distribution of the cross-section about the
axis under consideration. Like any moment it is made up of a force and distance
component, however, here the ‘force’ is the area of the cross-sectional part and the
‘distance’ is in relation to the centroidal axis. The term ‘centre of gravity’ is usually
used when an implied mass is involved. The term ‘centroid’ is used for (cross-sectional)
geometry when area rather than mass is involved. For example, engineers looking at
sway in a building frame are interested in the centre of gravity of the structure but the
engineers designing the cross-section of an individual member are focused on geometry
(not mass) and so to them the centroid is of concern. The first moment of area is
sometimes misnamed ‘first moment of inertia’; this mistake should be avoided.
If the first moment of area about a given axis (Sxo) is divided by the area of the cross
section (A) then the distance to the centroidal axis is determined. If this procedure is
carried out about both axes, then the co-ordinates of the centroid are obtained.

^yO
Zgc

^zO

ygc

A

The second moment of area (1) of the cross section when combined with the Young’s
Modulus (E) of the material gives the section’s flexural rigidity (El). This is a measure
of the resistance of a real section to bending (flexure) and is critical in the calculation
of section resistance to various buckling modes (flexural, torsional and lateral torsional).
Given that for steel in EN 1993, the Young’s Modulus is fixed at 210GPa, then the
second moment of area itself can be seen as a measure of flexural resistance.
In a similar manner to the first moment of area, the second moment of area focuses on
area and a geometric distance from a centroid. The second moment of area is usually
measured in m"^ or mm"^. It is also known as the area moment of inertia, although this
name is not recommended as it may lead to the common mistake of confusing the
second moment of area (m'^) with the moment of inertia (kgm^). The second moment of
area is a purely geometrie term, measured in distance to the fourth power and relates to
the flexural resistanee of a eross section.
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Therefore, the second moment of area of a steel square of side 50mm is equal to the
second moment of area of a square of side 50mm drawn on a piece of paper. However,
the moment of inertia relates to both the density of the material and the integral of the
volume of the member and is measured in mass by length squared (kgm ). Thus a steel
pipe has a different moment of inertia to an identical aluminium pipe and the term is
meaningless to a cross-section drawn on paper. The moment of inertia should more
accurately be called the mass moment of inertia; it is a measurement of resistance to
angular velocity and torque. It is important not to confuse area moment of inertia with
mass moment of inertia.
The equations in Annex C allow the calculation of the second moment of area of the
cross-section about both the major and minor axis using the parallel axis (or HuygensSteiner) theorem given in Equation 5:1. This theorem states that if the second moment
of area of a cross section is known about one axis, then adding it to the product of the
area of the cross-section and the distance to the second axis squared gives the second
moment of area about this second axis.
ly

—

lyQ

A
(Equation 5:1)

The first step in calculating the second moment of area (for the entire cross section)
about the centroidal axis is to calculate the second moment of area of each part about its
own centroidal axis using local co-ordinates. For an individual part, the second moment
of area about its major centroidal axis {Iyo,i) is a function f(zi) of the z-axis co-ordinates
that define the section, multiplied by one third the (local) part area (dAt/ 3).
dAi
lyo,i = fizi) (-J^)

The function /(zj, formed from the manipulation of the local co-ordinates involves
adding together the values of the squares of the individual z-axis co-ordinates to the
product of the two co-ordinates.
/(Zj) = [(Zi)2 -h (Zi_i)2 -I- (ZiZi_i)]

The process of calculating (lyoj)

is carried out for every part of the cross section. The

sum of these values gives the second moment of area of the cross section (lyo) with
respect to an original axis. Inputting the lyo value, the area (dA,) and the z co-ordinates
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of the centroidai axis into a modified form of the parallel axis theorem gives the second
moment of area of the section about the major axis (with respect to the centroidai axis),
ly.

Similar calculations can be undertaken for the minor (z) axis.

ho =

^

h =

V

i= 1
It is important to note that there appears to be a misprint in the current version of
Annex-C of IS EN 1993-1-3. The formula for calculating I^o is incorrect and the
underlined are must be modified as shown. The equation given for f is correct.

h - ho -

i=l

ygc

ft

izo

+ (yf * yi-i)J *

=

dAt

1=1

The formula for the product moment of area (lyz) is given in Annex C. Unlike the
second moments of area about the major and minor axes, the product moment of area is
not strictly required for calculations in EN 1993-1-3 as it is not a component of any
flexural, warping, torsional, or buckling resistance. The usefulness of this crosssectional constant relates to the principal axes. The principal axes are always the axes of
chief concern in design, but since the principal axes are equal to the major axes in any
cross-section symmetric about the vertical or horizontal axes, their importance is often
obscured. The product moment of area is vital in determining the principal axes for
asymmetric cross-sections such as angle sections or zed sections and specifically in the
context of this project a completely asymmetric (due to stiffeners) cross-section.
The product moment of area is calculated in a similar manner to the second moment of
area. Firstly, the lyzo (the sum of the product moments of area for individual parts of the
cross-section) is calculated. As with the second moments of area about both the major
and minor axes, the product moment of area is a function of the modal co-ordinates
multiplied by the a fraction of the area of the part. Once these individual values are
added together, the product moment of area for the section can be calculated using an
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equation similar to the modified form of the parallel axis theorem used for the second
moment of area calculations.

hzO - 2

['2--yi-l Zi-l + 2-yi-zi + yi-VZi + yi-zi-])-

dAi

^yO'^zO
hz - hzO

i - 1

Once the product moment of area is calculated the angle of deviation between the
principal axes and the vertical/horizontal axes (a) can be determined.
27
1
yi
a = —arctan
if (72
Kh-hj

otherwise

a-O

Section 1.5.4 of EN 1993-1-3 states that generally, the axes eonvention in EN 1993-1-3
is the same as in the rest of EN 1993. In effect the horizontal axis the y-axis and the
vertical axis is the z-axis. Then the convention for the principal axes is as it was in
BS5950, the u-axis being the major principal axis and the v-axis being the principal
minor axis. Confusingly, this axis notation is not followed in Annex C and no
explanation is given for the deviation.

z
i
u
i
/
■\ I /
y- -T^.- - -y
L- - - ^- - - - - - - - - - - V

z

Vx

y-

1
1
\
v 1 z
—

/

'

i ^

f

u

\
\

/
/

y—

- -y
V

V

Instead, the principal axes are now defined using two Greek letters; ^ is the name given
to the major principal axis and q is the name given to the minor principal axis.
At this stage, the second moments of area about both the y axis and z axis and the
product moment of area have been calculated, thus the second moments of area of the
cross-section about the two principal axes can both be calculated using the formula
provided.
Matt Clifford

M.Eng. in Structural Engineering

89

Optimisation of cold formed purlin cross-sections

J [h ~ h)

2

Chapter 5: Section Properties

2.72

^'hz

>-

1

For an equal angle section, the second moments of area about the vertical and horizontal
axes (y and z) are equal. The values of the second moments of area about the principal
and q) axes will fall either side of the y-axis and z-axis values. This means that the ^ axis value will be greater than the y-axis value and the q-axis value will be less than the
z-axis value. This difference is due to the angle of deviation (a) between the vertical
axis and the principal axes. The maximum deviation angle is 45° and occurs for
example, in an equal angle section. This can be seen in a snap shot from the results from
the spreadsheet calculations for a 200x200x5 EA section.

Angle Section Properties

■yi

Dimensions
Overall depth

h

200 mm

8 333 333 mm

Overall width

b

200 mm

8 333 333 mm^

Member thickness

t

5 mm

-5 000 000 mm*
6 666 667 mm*

It
Iw

16 667 mm*
0 mm®

A

2 000 mm^

Mass

16.004 kg/m

•y

64.55 mm

•t

64.55 mm

a

50.00,
50.00

-45 ®
....................

13 333 333 mm*
3 333 333 mm*

100

-

200

300

-50

“Coordinates

Centre of Gravity

Shear Centre

The next section property required is the torsional constant (h). This property is required
for the determination of the resistance of the section to lateral torsional buckling,
torsional buckling, and for the calculation of the elastic critical moment (Mcr). The
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torsional constant for the cross section is found by adding together the torsional
constants for all individual parts of the cross section. The torsional constant of an
individual part is defined as the thickness of the part squared and multiplied by one third
the area of the part.

dA-i-

Wf =

mini t)
i = 1

The torsional modulus {Wt) is defined as the torsional constant divided by the thickness
of the thinnest part of the cross section.
In a similar manner to the second moment of area and the flexural rigidity, the torsional
constant makes up part of the torsional rigidity (G/,). The torsional rigidity is defined as
the product of the torsional constant and the shear modulus. The shear modulus depends
on both the Young’s Modulus of the material (E, 210GPa for steel in EN 1993) and
Poisson’s ratio (v, 0.3 for steel in EN 1993). The shear modulus is then calculated using
the formula given in Equation 5:2. The exact value of the shear modulus is 80.769GPa
but EN 1993 approximates this to 81GPa for use in design.

_ E /2(1 + v)

(Equation 5:2)

The next step is to calculate the position of the shear centre (ysc, Zgc) and the value of the
warping constant (Iw). This is done by calculating the sectorial co-ordinates for each
part of the cross section and filling in the following formulae:
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Sectorial co-ordinates
<M[) = 0

(Oi), = yj_ I

(Oj = (Oi^\ + (0().

- V/- z,_ I

Mean of sectorial coordinate

'O)

(Otnt’/in —

+"/)•—

^a>= 2^
/ = I

Sectorial constants
i\oi) =

12- V/-1 • <y,-1 + 2 • >’/• (Oi + w- \(ai + >-,•

y

1j

6

= l^oj)------- :—

A

i= I

ilAj

{2‘^^-rz/_| + 2-(OcZf + C0j_\-zi +

t-aX) ~

Uo)= lzOi)~

6

:

i= I

1(0

l(M)= ^ [(«y/)“ + ("/-l)^+ <W/<W/-|]~

10X0= I (0(d)----------

A
; = I

Shear centre
^zQ}^ z~ h'OJ ^yz.

y'sc —

~^\Qj h ^ I z(o ^\z

z

'SC —

lylz-fyz

z

(/,/,

hfz-hz

Warping constant
Cf ~

^(0(0

^sc

y(0 ~ y'sc'^zo.

The next step is to calculate the eccentricity of the load path, this means calculating the
distance between the shear centre and the centroid (gravity centre). The can be done
easily by subtracting the co-ordinates, giving the vertical (Zs) and horizontal (ys)
components of the eccentricity. The gross eccentricity can be calculated using
Pythagoras’ theorem based on the components or directly using the geometric distance
formula for two points in 2D Cartesian space.
y's — y'sc ~ y'gc

~ ^gc

Once the components of eccentricity have been calculated, the polar moment of area
with respect to the shear centre can be calculated. The second moments of area about
the major

(ly)

and minor

(L)

axes were determined about the centroidal axes but since

the polar moment of area is taken with respect to the shear centre and not the centroidal
axes, the parallel axis theorem must be used. The polar moment of area about the
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centroidal axes is the sum of the major and minor second moments of area about the
centroidal axes. This polar moment of area can then be transformed with respect to the
shear centre provided the cross sectional area and the components of the eccentricity are
known. Unlike the second moments of area calculations described earlier in this chapter
which used a modified version of the parallel axis theorem involving subtraction, the
polar moment of area calculation is based on the ‘traditional’ form of the theorem (see
Equation 5:1).
^p - ^ \ ^ ^z ^

-s)

The next step is to calculate the average co-ordinates of each part of the cross section
with respect to the shear centre. This will enable the calculation of the non-symmetry
factors, Zj and yj, which are measures of the degree of symmetry about a particular axis.
Non-symmetry factors ?^and 31^
n

0.5

^^

—

y

+

12

(yi -

‘dAi

1

I =

n

0.5

- ?i-i)

yc,'

yi-\]

)'c,. +)'c,I =

+ Uc.. +

+

12

•dA,

1

where the coordinates for the centre of the cross section parts with respect to shear center are
yi

+

yi^\

Possible misprint here
Proposed equation:
y c,i

yi+yi-i

The values of Zj and

yj

:--------- z.

are zero for a doubly symmetric section such as a UB or UC

section. For a singly symmetric section, one of the non-symmetry factors equals zero,
and the other does not. This will depend on the orientation of the section.
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z-axis symmetry
yj=0

Other cross-sections (Annex C.2)

The formulae given in Annex C.l of EN 1993-1-3 apply only to members formed from
one single continuous sheet of steel and bent or pressed into shape. Part 2 of Annex C
describes a simple yet effective method for extending the formulae to cover ‘branehed
members’ such as I-beams. In the case of the cross section in Figure 5-1, the nodes are
numbered starting at the top left as usual but when node three is reached, the user
simply ‘back branches’ and puts node four at the same location as node two and
continues this back-branching until the flange-web junction is reached and new nodes
defined. To prevent gross error in calculations any part defined during back-branching
is automatically assigned a thickness of zero, which makes sense because backbranched parts are in fact imaginary. The real parts of the section will be given their
usual thickness.

4=0

^

^5

=

0

=

0

y4 = y2
^4=^2
^5 = ^2

^6 = 2/

Figure 5-1 Back branching notation (3)
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Due to back-branching, a general I-beam which can usually be defined by six nodes and
five parts must now be defined by eight nodes and seven parts. It is possible for a
symmetric I-beam to be defined by six nodes and five parts, even with back branching;
in this case the entire top flange is one real part, half the flange is then back-branched
and the web makes up one real part, half the bottom flange is intentionally backbranched and then the entire bottom flange is one real part. There are many
permutations available to create a cross-section using back-branching techniques, the
only rule being that only one real part may occupy any part of the Cartesian plane. The
validity of the use of back-branching and imaginary parts (parts with zero thickness)
means that the possibility exists for extending the spreadsheet solution to enable the
calculation of effective section properties for local and distortional buckling using this
same technique as described in Annex C. The most important part of such a solution
would be the ability to calculate the position of the effective shear centre and effective
centroid. These values will allow the calculation of effective section moduli when
combined with the effective second moments of area for the section.

5.3.3

Torsional constant for a closed section (Annex C.3)

The formulae given in Annex C.l and the back branching technique in Annex C.2 can
be further extended to calculate the torsional constant (f) for a closed section such as a
steel box girder. In the calculation of the torsional constant and the subsequent
calculation of the shear centre, EN 1993-1-3 recommends that any outstand parts of the
top flange be completely ignored. Thus only the hatched parts in of the cross section are
considered.
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As before (with open sections), any back-branched parts are ignored in all calculations.
For calculating the torsional constant of a closed cross-section (such as a box-girder) the
formula given in Annex C.l can be replaced by those given in Annex C.3.

5.3.4

Verification and accuracy

The spreadsheet results for section properties were verified against available data from
Kingspan (33) and Tata Steel (34). The differences were found to be negligible. The
greatest differences between the spreadsheet solution and the published values for the
geometric properties of a UB section (from the Tata Steel Blue Book (34)) were found
to be in the order of 2.3%. This differenee occurs for the torsional constant, with the EN
1993-1-3 Annex C method giving a conservatively lower value, since Annex C negleets
root radii.
The differences observed for the predicted mass of the section is approximately 3%.
This can be attributed to two factors; the first is that any difference in the value of the
cross-sectional area will be carried over into the mass prediction and secondly, the
density of steel in Eurocode 3 is approximately 77-78.5 kN/m^; in order to be
conservative, the spreadsheet assumes the maximum allowed 78.5 kN/m^ value. The
actual density of the steel used by Tata may be less and thus difference in mass output
may be introduced. Both of these difference are conservative as the spreadsheet predicts
slightly heavier members with lower torsional constants (and hence lower torsional
rigidity) than the Blue Book. The difference is safe and small enough to be ignored, fhe
values quoted for the buckling parameter (U) and the torsional index (X) have been
derived based on formulae given in SCI P363 (35) (a document whieh accompanies the
Blue Book), thus any error in these values is due to the combined effect of previous
differences in the second moment of area, warping constant and torsional constant
respectively. Although Annex C does not give formulae for the calculation of the
section moduli (W), these have been caleulated from bending theory and the differences
between the spreadsheet values and the Tata Steel published values are again less than
1.55%; it is important to note that some of these differences are on the uneonservative
side. The use of such values in design will lead to between 0.1% and 1.52% greater
predicted flexural resistance for a 457 x 152 x 82 UB section. Again, in normal
circumstances, such errors are negligible.

Matt Clifford

M.Eng. in Structural Engineering

96

Optimisation of cold formed purlin cross-sections

Chapter 5: Section Properties

457 X 152 X 82 UB
Property
Iv
Iz
It
Iw
Wel.v
Wel.z

A
Mass
iv
iz
^ri,v

Wpu
U

X

5.3.5

Units

mm"*
mm'^
mm"^
mm®
mm^
mm^
mm^
Kg/m
mm
mm
mm^
mm^

n/a
n/a

Spreadsheet Solution

Tata Steel

Difference

(Annex C of EN 1993-1-3)
371 203 361
11 798 449
871 429
5.89E+11
1 593 832
151 944
10 563
84.524
187.46
33.42
1 815 021
240 234
0.87*
27.866*

(Blue Book)
366 000 000
11 800 000
892 000
5.91E+11
1 570 000
153 000
10 500
82.1
187
33.7
1 810 000
240 000
0.872
27.4

{%)

-1.42%
0.01%
2.31%
0.32%
-1.52%
0.69%
-0.60%
-2.95%
-0.25%
0.83%
-0.28%
-0.10%
0.23%
-1.70%

Expansion and further research

There exists room for expansion of this spreadsheet solution now that the framework
has been established. The next step in this process is to include the section properties for
local buckling (c/t ratios). A steel grade selection MACRO based on the steel grades
given in EN 1993-1-1 (hot-rolled members) and EN 1993-1-3 (cold-formed members)
would allow for the calculation of these c/t ratios and in the case of hot rolled members
a full section classification (EN 1993-1-1) against local buckling. The plate section
properties such as shear area (EN 1993-1-5) and finally the reduced section properties
for distortional and local buckling (EN 1993-1-3) can also be calculated. This would
give the designer a complete list of section properties, which can be used to easily
design (in the case of a cold-formed member) to section 6 of EN 1993-1-3.
Currently a designer may be put off designing entire low-rise structures in cold formed
steel members (to EN 1993-1-3) due to the considerable effort required in calculating
section properties for the members required such as back-to-back channel sections used
as I-beams. The concept of EN 1993-1-3 is to give the designer more eeonomic design
tools through the use of more complex design methods; however, if this ‘economy
through greater complexity’ ends up making design less accessible then it is counter
productive. Such an extensive section properties tool could greatly simplify cold formed
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steel design in an even more extensive way than having a ‘Blue Book’ (or equivalent)
simplifies hot rolled steel design.
The section properties calculator (spreadsheet-based) tool in its current form aids any
designer who wishes to use a welded plate girder (I-Beam tool), angle section, a channel
section, zed section, or a ‘new’ cross-section. Another potential use of the asymmetric Ibeam tool is to help determine section properties for a beam that has had a section cut
out of its webs. As the section properties tool is developed further, it can be extended to
include more nodes for more complex arbitrary sections such as those where ignoring
the influence of rounded corners is inappropriate.
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6 Stiffener design to EN 1993-1-3

6.1 The influence of stiffeners on section properties
The gross seetion properties for any section can be calculated using Annex C of EN
1993-1-3. With this purpose in mind, a spreadsheet solution has been developed as part
of this project. However, the use of gross section properties is not appropriate
throughout the design of cold formed members and slender hot-rolled members. This is
because plate buckling modes (local and distortional buckling) cause pre-yield failure in
very slender (class 4) members. For these slender members, reduced areas, section
moduli and second moments of area are required in addition to the gross section
properties in order to ealeulate section resistances to flexure, shear, torsion, axial
loading and combined loading.
OSC Section Gtoss Section Piopeities

5 440159 mm
608 532 mm

Dimensions
max depth

h

200 mm

max width

b

70 mm

t

2 mm

member thickness

0 mm
4 213 049 mm

2 SO

1225 mm
7 176 232 628 mm
54 402 mm
17387 mm
A
Mass

919 mm
7.354 kg/m
76.94 mm
25.73 mm

0•
5 440159 mm”*
608 532

-so
‘Coordinates

Matt Clifford

Centre of Gravity

M.Eng in Structural Engineering

Shear Centre

99

Optimisation of cold formed purlin cross-sections

Chapter 6: Stiffener Design

in order to calculate the reduced (or effective) section properties of a stiffened channel
section for use in design to EN 1993-1-3, the three main elements of the cross section
must be analysed independently. The effects of first local buckling and then distortional
buckling are examined in relation to the flange, lip and web individually. The equations
used in EN 1993-1-5 to calculate section classification (c/t ratio) limits, are also used to
determine the effects of local and distortional buckling on a cross-sectional plate
element. As with section classification, the support conditions of the individual plate
member and the stress distribution across the width of the plate are the governing
factors for local and distortional buckling resistance. Thus, it follows that a single crosssection such as a channel or hat section will have different effective section properties
depending on whether the section is subject to flexural loading, axial compression or
combined axial and flexural loading. In this project, the effective section properties are
calculated based on flexural loading causing bending about the major axis.
The effects of local buckling and distortional buckling are expressed by reduction
factors (x), which when applied to the gross cross-section element will reduce the cross
sectional area to an effective one, and thus change all section properties. A reduction
factor of unity corresponds to a fully effective section, which is not affected by local or
distortional buckling (as appropriate). In terms of section classification to EN 1993-1-1,
a fully effective section is one that behaves like a class 3 member; that is one with a
fully elastic stress distribution. The reduction factor for local buckling is applied along
the length of a plate element and has the effect of creating theoretical gaps or holes in
the cross section. For example, a single plate of 100mm in length (which makes up the
web of channel section), modified for local buckling with a calculated reduction factor
of 0.9, will be divided into two (theoretical) effective plates of 45mm with a 10mm gap
centred at the mid-point of the plate. Once the effect of local buckling has been
determined, distortional buckling may be examined. Distortional buckling reductions
are applied on top of any local buckling reductions that may be required. However,
distortional buckling reductions are applied to the thickness of the member rather than
along the length of the plate, thus distortional buckling is not dealt with by introducing
gaps but rather by introducing an effective thickness.
Returning to the previous example, let us say that the initial 100mm long plate is 10mm
thick and that calculations show that a 0.85 reduction factor for distortional buckling is
appropriate. The two 45mm long plates must now be analysed as 8.5mm thick rather
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than their actual lOm.m thickness. This thickness is taken symmetrically about the
centroid of the real plate so as not to change the actual cross section geometry. In this
arbitrary example, a 100mm long, 10mm thick plate has been reduced to two 45mm
long, 8.5mm thick plates due to the effects of local and distortional buckling on the
plate. These new reduced plates will then be used to replace the original web in the
channel section in order to calculate the reduced section properties of the member. The
flanges and any lips must also be examined to get the true effective cross-section.

Ag = lOOOmm^
100 mm X 10 mm
= 100% effective
(initially)

Gross plate

Aeff,1 = 900m
Reduction for
local buckling

(2) 45 mm x 10 mm
= 90% effective

Aeff.2 = 765mm^
Further reduction
for distortional
buckling

(2) 45 mm x 8.5 mm
= 76.5% effective

While each section is examined individually, the effective section properties of the
flange will influence calculations for the lip stiffener because the flange stiffness
governs the level of restraint provided to the lip and this affects the lip’s buckling
response. All web calculations are independent of the other parts of the cross section as
it is assumed that the top and bottom flanges fully restrain the web. Section 5.5 of EN
1993-1-3 gives the general rules for determining the influence of local and distortional
buckling on a plate member; these rules facilitate the calculation of effective section
properties. Rules for both stiffened and unstiffened plate elements are included. Rules
are also given for the calculation of effective section properties for members with more
than one web such as hat sections or profiled sheeting members. It is important to note
that the rules given for calculating the effectiveness of a lip are based on a plane
(unstiffened) flange, thus these rules cannot take account of the beneficial effect on lip
stiffness provided by internal flange stiffeners. Therefore, the calculations for the
effectiveness of a lip in a member with internally stiffened flanges may be overly
conservative. Further research and testing, (beyond the scope of this project) is required
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to determine a modification factor for determining the effectiveness of a lip restrained
by a stiffened flange.

6.2 Flange stiffener
The OSC cross-section designed for this project is based on a 70mm wide, 200mm deep
channel section modified with both internal and lip stiffeners based on the
recommendations of Schafer (19), Pekoz (31) and existing Eurocode guidance (EN
1993-1-3). The effectiveness of the cross-section is determined in accordance with EN
1993-1-3 rules for cold formed sections.
The first plate element of the cross section to be analysed is the flange. This analysis
will determine the effectiveness of the stiffener in preventing local and distortional
buckling. It is important to note that the corrugation introduced into the flange is the
‘stiffener’, but the stiffened portion of the flange then extends across much of the top
flange. In analysis, it is this stiffened portion of the flange that is considered and not just
the central corrugation. This same logic applies to the web and flange. The effectiveness
of the stiffener directly influences the size of the stiffened area for analysis.

Main co-ordinates of flange stiffener

(0,10)

(10.5, 10)

(38.5,10)

(49,10)

The rules for an internal stiffener are given in section 5.5.3.3(4) of EN 1993-1-3, these
rules require one to consult section 5.2.2 of EN 1993-1-3, section 4.4 of EN 1993-1-5
and finally Table 4.1 of EN 1993-1-5. Since the cross-section is essentially a (modified)
lipped channel section, the flange is categorized as an internal element subject to
compression. Unless stated, the assumed steel grade is one suitable for cold forming

Matt Clifford

M.Eng. in Structural Engineering

102

Optimisation of cold formed purlin cross-sections

Chapter 6: Stiffener Design

giving a basic yield strength of 355MPa. The calculations relating to the effectiveness
of the flange, allowing for the effects of local buckling are summarised as follows:
Table 4.1:
(.beff = pb

ip = 1

k(j = 4

bei = be2 = O.Sbeff)

Jy _ ________________

Ocr ~ 28.419(f)(y^

8 =

235
fyb

fylj = 355 MPa

b
t

21
2

£ =

- = —=

235
= 0.814
355

10.5

10.5
= 0.23
“ (28.419)(0.814)(2)
^p.iim ~ 0-5 + ^0.085 — 0.0550 = 0.673
0.23 < 0.673
beff = pb = b = 21

•••

p = 1

bei = be2 = 0.5h = 10.5

Since p = 1, no reduction for local buckling is required. Thus the flange can be
modelled as fully effective with respect to local buckling. The next step is to calculate
the area of the stiffener taking account of local buckling (As). This is required for later
distortional buckling checks.
= f(^le2 + ^2el + ^s)
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Plate element notation for flange stiffener

bp1 = |cd|

bp2 - |gh|

g

h

As = 2(10.5 -f 10.5 -I- (12.2 -f 14 -I-12.2)) = 2(59.4) = 118.8 mm^

User defined Section Properties

2 116 mm*
21 985 mm*

Dimensions
max depth

h

10 mm

max width

b

49 mm

t

2 mm

member thickness

0 mm*
'p

18 344 mm*

It

158 mm*
89 678 mm*

Wecr

423 mm*

Weu

897 mm*

A

119 mm*

Mass

0.951 kg/m
4.22 mm
13.60 mm

0*
21985 mm*
2 116 mm*

The section properties of the stiffener can then be calculated using the user defined
section properties calculator tool in the accompanying spreadsheets (see chapter 5). The
main result required is the second moment of area of the stiffener about the axis parallel
to the length of the member (f). In this case, the major axis is the axis of concern but
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the orientation of this is dependent on how the stiffener is modelled or drawn in the
spreadsheet. The program will also give the centre of gravity of the stiffener and the
area of the stiffener, which can be used as a verification of the program. The
spreadsheet value for area of the stiffener differs by 0.168% from the values based on
section 5.5.3.3(5) ofEN 1993-1-3.
The next attribute required is the stiffness (K) of the stiffener. This stiffness is defined
as the inverse of the deflection caused by a unit load applied at the mid-point of the
stiffener.

u
'^ = 5
u= 1

8

ublb^
=

/12(1-v2)

3(/?i + ^2) V

Since the load (u) is contained in both equations, and cancels out during the calculation
of the stiffness (K.), its value is inconsequential and it may simply be ignored.

K

_ 3(hi -f 62) (

blbl

Vl2(l-v2)

The values of hj and 82 are equal to the distances from the edge of the plate element to
the centre of the stiffener. For the flange of the OSC section, since the flange stiffener is
at the centre of the flange, the values of bl and b2 are both equal to half the flange
width or 35mm. In theory, the OSC section should be available in a range of
thicknesses, in the same manner as the Kingspan Multibeam section; however for the
purposes of this project, only a 2mm thick OSC section is considered.

^

~

3(35 -1- 35)/(210000)(23)\ 96000 _ ^
(352)(352) V 12(1 - 0.32) j “

With K, Is and As all calculated the (theoretical) elastic critical stress in the stiffener
(ocr,s) can be calculated. This value has no connection to the steel grade or the elastic
limit of the material used. Using the guidance in section 5.5.1(7) of EN 1993-1-3, the
elastic critical stress in the stiffener is compared with the basic yield strength of the
member in order to determine the non-dimensional plate slenderness for distortional
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buckling (Ad), which can then be used to calculate the distortional buckling reduction
factor.

Orr-.
'cr,s =

2JKEIs
^

A.

2J(21.53)(210000)(2116)
------- - = 1643.89 MPa
119

Aw —

fyb

355

a.cr,s

1643.89

= 0.464

~ 0-65
0.464 < 0.65

/. Xci = ^

Since the calculated plate slenderness for distortional buckling is less than the limiting
value, the reduction factor for distortional buckling is equal to unity and no further
checks are required. In this ease the reduced area taking account of distortional buckling
(As, reduced) is cqual to the initial area (As). When this is not the case, the calculated value
of Xd rnay be used in an optional iterative process to refine Xd before calculating the
reduced area. NCCl documents (2) from Access steel give guidance on this iteration
process.

A s,reduced

(Jcom.Ed

^com,Ed

is the design compression stress in the plate member. This stress can be

caleulated, but since the all values below the yield strength {fyb) are beneficial, it is
conservative to let this equal the yield strength. The Irish National Annex to EN 1993-13 defines the partial factor 7^0 as equal to unity. Thus, the formula for the reduced area
can be simplified to the product of the initial area and the reduction factor for
distortional buckling.
^s,reduced

XdAs

119 TTITTI

Thus, this design (to EN 1993-1-3), allowing for the effeets of both local and
distortional buckling, shows that the entire flange of the cross-section is effective.
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6.3 Lip stiffener
The next step is to analyse the lip stiffener. As previously stated, due to the interior
flange stiffener, lip calculations may be overly conservative. The method for
determining the influence of both local and distortional buckling on the lip is broadly
the same as for the flange with the exception that since the lip is an outstand
compression element, the stress distribution and therefore some of the threshold values
will change. The stiffened lip for analysis purposes is composed of the lip down-stand
and a portion of the flange width (as defined in EN 1993-1-3).

p(c)

-eff

bp = 80.4

fb

= 0.5 -f 0.83

c = 40

bpc

39

bp

80.4

\^

\^-03Sj

bpc = 39

= 0.485

= 0.5 -f 0.83V(0.485 - 0.35)2 = 0.7185

= 0.8476

Again, section 4.4 of EN 1993-1-5 is used to calculate the non-dimensional plate
slenderness for local buckling, but the term b is now replaced by the lip length (c).
fy _ ___
7t
“ 28.419(£)(7k7)

Matt Clifford
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^p,Mm (outSt and) ~

1.02 > 0.748

0.188
P =

i^py

=

0.8

Ceff — 0.8(40) = 32 mm
It is now clear that only 80% of the lip is effective due to local buckling under major
axis bending. As previously, in the analysis of the flange, the next step is to examine the
effects of distortional buckling. This time however a portion of the member is
ineffective (or inactive) due to local buckling. For an outstand element such as a lip the
ineffective portion of the element is removed from the free end, as opposed to the centre
of an internal element. This means that the ‘design’ lip length is 32mm not 40mm for
the purpose of effective section properties. The area of the stiffener can now be
calculated.
= Kbe2 + Ceff) = 2

+ 32j = 144.4 mm^

Using the MS Excel spreadsheet developed during this project, the section properties of
the stiffener can be determined.
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Dimensions

User defined Section Prooenies

max depth

h

32 mm

12 607 mm*

max width

b

35 mm

19 709 mm*

member thickness

t

2 mm

-5 639 mm*
*p

U
I.

w,'ecy

-6 101 mm*
193 mm*
151 054 mm'
788 mm
1126 mm

A
Mass

144 mm
I.156 kg/m

't

9.34 mm

a

II.68 mm
-29 •
22 822 mm*
9 493 mm*

The stiffness of the lip stiffener is calculated in a similar manner to that for the flange
with slight modifications as the beam’s lip is an outstand element on a beam subject to
major axis bending. The elastic critical stress for the stiffener can now be found for the
lip and flange portion, which will allow the non-dimensional slenderness for distortional
buckling to be calculated.
EV

K =

fei = 59.75

Ory
'cr,sc =

2/^
71,

h„ = 200

2V(47.764)(210000)(12607) ..................
---------------- = 4938.94 MPa
144

Tw =

fyb

a.cr,s

355
= 0.27
4938.94

^d,lim ~

0.27 < 0.65
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Distortional buckling does not affect the lip (and flange portion) and therefore no
reduction in the thickness of the lip-flange portion is required.

6.4 Web stiffener
The final portion of the section under consideration is the web. The web is internally
stiffened and is classified as an internal element in Table 4.1 of EN 1993-1-5. Since this
web is subject to bending stresses, varying linearly from compression at one end to
tension at the other, the stress distribution factor is -1.

Main co-ordinates of
web stiffener

(25. 125)

(25 76)

Table A.l\
ibeff = pb

ip =-1

k^ = 23.9

bei = be2 = O.Sbeff)

fy

^p =
Oct

Matt Clifford
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fyb
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fylj = 355 MPa

£ =

235
= 0.814
355

b hpi 50
- = — = — = 2S
t t
2
25
A. =
P
(28.419)(0.814)(4.889)

=

0.221

^pMm = 0-5 + VO.085 - 0.055V; = 0-874
0.221 < 0.874
^eff = pb = b = SO mm

/.

p = 1

b^i = be2 = O.Sb = 25 mm

Calculations show that local buckling does not reduce the area of the web. The next step
is to examine whether distortional buckling has an effect on the section. The area of the
stiffened portion of the web can now be calculated, (using the formula given in EN
1993-1-3). The area can then be compared with the value calculated using the
spreadsheet solution.
= Kb\e2 + bs + b2e\)

bl

b2
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As = 2(25 -h 120.71 -f 25) = 341.42 mm^
Plain Channel Section Properties

Dimensions

622 906 mm
38 616 mm"*

max depth

h

150 mm

max width

b

25 mm

member thickness

t

2 mm

0 mm

•yz

546148 mm"*
455 mm^
9 879 029 mm®
8 305 mm®

W,el.y

3 089 mm®
A

341 mm^

Mass

2.732 kg/m
42.71 mm

'z

10.63 mm

a

0
622 906 mm"*
38 616 mm^

-10

10
•Coordinates

20

“Centre of Gravity

30
i

40

Shear Centre

The spring stiffness of the web stiffener is calculated in the exact same manner as the
flange since both elements are classed as internally stiffened elements.
b^ = b2 =

3(/?i
+ ^2) f(12(1-v2)
blbl

100

3(100 + 100) /(210000)(2^)'
12
■ (1002)(1002)l 12(1 -0.32) = — = 0.923
13

2JKEL
2J(0.923)(210000)(38616)
(Jrr'cr,sc =----- ^-------------------= 507.444 MPa
A,
341

—

fyb

355

a.cr,s

507.444

^d.Um ~

0.8364 > 0.65
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The web is affected by distortional buckling and so a reduction must be applied to the
thickness of the stiffened portion of the web. The limiting slenderness for distortional
buckling is governed by the elastic critical buckling stress of the stiffener and so to
avoid section reductions due to distortional buckling, this elastic critical stress must be
kept as high as possible. The shape, area and spring stiffness of the stiffener all affect
the value of this critical stress. Multiple small stiffeners that give the web a corrugated
appearance will better resist the effects of distortional buckling than one large stiffener.
However, the large stiffener is required to transform the lipped channel section into a
lipped X-section and help shift the shear centre closer to the centroid of the shape, thus
reducing the eccentricities and torsion that particularly affect beam-column members.
Thus, the optimum solution in terms of distortional buckling may be to include multiple
small groove stiffeners within the large folded stiffener. The downside to this solution is
that it will require a much more complicated bank of rollers to manufacture. This
complex manufacturing process may induce a more complicated pattern of residual
stresses in the member and is not desirable. Furthermore, a more complex section will
require more steel, which equates to a less desirable, heavier section. The solution
chosen in this project, which may be more economic than complex web stiffening, is to
stiffen the flanges with both internal folds and external lips and to include a simple
internal web stiffener, which is comparable to a modified version of that currently used
in the Kingspan Multibeam range. The resulting modified channel section resembles a
highly stiffened sigma section. This layout stiffens the member significantly and the
prevention of local buckling throughout the member (with the exception of a reduction
to the lips) has a much greater positive effect (in increasing the effective section
properties) than the observed negative impact of distortional buckling in the web (and
the consequent reduction in the web thickness).
Returning to the calculations for the stiffened web of the OSC section:
Aa = 0.8364
Xd = 1-47 - 0.723(Td) = 1.47 - (0.723 * 0.8364) = 0.865
Since Xd is less than unity, optional iterations can be undertaken to refine the value. The
first iteration will always be the worst case and can therefore be taken as a conservative
initial value.
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fyb
YmO

^s,reduced

^com.Ed

Again, as with the stiffened flange, this equation can be simplified (conservatively)
assuming that that (Tcom.Ed equals fyb.
^S,reduced = Xd^s =

(0.865) (341) = 294.965

mm^

This reduction in area is applied to the entire length of the stiffened web by reducing the
thickness of the stiffened portion of the web. Thus, the reduced thickness is analogous
to the reduced area.
^reduced = Xd^ =

(0.865)(2) = 1.73 mm

To allow for the reduction in member strength caused by distortional buckling the
thickness of the stiffened portion of the web must be reduced by 13.5% to 1.73mm.
Local buckling does not affect the strength of the web.
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6.5 Effective section properties
Now that the three components of the cross section; the web, the flange and the lip have
been examined and their reduced dimensions determined (allowing for the effects of
both local and distortional buckling) the effective cross-section properties can be
calculated. This allows a complete set of design section properties to be tabulated for an
OSC section subject to major axis bending. These reduced section properties do not
apply for the OSC section used as a column member and separate calculations are
required for the section if it is to be used as a strut.

iReduced) Effettivt Section Prooefties
5 2% 816 mm
567 283 mm^

•p

Dimensions
max depth

h

200 mm

max width

b

70 mm

t

2 mm

member thickness

see gross properties

250

(1.73*)

,

52 968 mm^
16 208 mm’
A
Mass

859 mm’

^ see gross properties
78.53 mm

‘r
a

25.70 mm
0.449®
5 297106 mm^
566 992 mm*
80

‘Coordinates ^ Centre of Gravity
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7 Finite Element Analysis (FEA)
The approach taken for the FEA in this project is to use the linear eigenvalue buckling
tool in LUSAS to predict the elastic critical moment for design purposes. Twodimensional surface models were created using quadrilateral thin shell elements with
quadratic convergence. The material properties applied are those given in EN 1993-1-1.
All FEA models are single span beams, using a pinned support at one end and a roller at
the other to simulate simple supports. The models were verified using the LUSAS
solver manual (36), which contains an example for the calculation of the elastic critical
moment for a plate girder. The model was initially set up to model the plate girder with
web stiffeners and a degree of lateral restraint (see semester 3 report) and once the
buckling loads for this member were confirmed from the LUSAS manual, the model
was extended to apply to unrestrained cold-formed members with no web stiffeners.
Three cross-sectional members were examined; a plain channel section, a Kingspan
Multibeam section (Sigma section) and the stiffened OSC section designed for this
project. The plain channel section is based on the Tata Elastron member (Figure 7-1),
but for the purpose of FEA the lip stiffener is removed and the member is analysed as a
plain channel.

Figure 7-1 Tata Elastron section (37)
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7.1 Plain channel

The first step in the FEA of the channel section is to analyse the cross section using the
LUSAS section properties calculator tool. This allows the difference between section
properties for FEA and published values (37) to be calculated. Table 7.1 shows that
there is effectively no difference between the FEA and published values. Thus, the
cross-sectional model created in LUSAS accurately reflects the geometry of the real
member.
Tata Elastron (GREECE)

C205

Section Properties: TATA website

Dimensions

(units)

t

2

H

LUSAS (FEA)
DIFFERENCE

kg/m

G

5.53

205

cm^

A

7.39

7.40269

0.17%

B

65

cm'*

ly

467.3

462.131

-1.12%

C

25

cm^

Wy

45.59

R

3

cm

ez

10.25

D

30

cm'*

Iz

44.69

43.8786

-1.85%

F

90

cm^

w,

9.83

0

14

cm

ey

1.95

cm^

Iw

4002

cm'*

It

0.092949

-0.16%

0.0931

Table 7.1 Tata Elastron section properties

Thin, open sections such as cold formed channel sections are susceptible to local
buckling failure (as discussed in Chapter 2). The results of the FEA reflect these
tendencies. For the 200x65x2 channels section, all members less than 5m in length
failed through local buckling of the compression flange (see Figure 7-2 and Figure 7-3).
For longer spans, there is initially an interaction-buckling mode (combined local
buckling and lateral torsional buckling (LTB)). Once the 8m span is reached, only LTB
influences the failure mode and this can be seen in Figure 7-4.
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I =2825mm

Figure 7-2 Local buckling failure of 2.825ni long channel section

I = 4100mm

Figure 7-3 Local buckling failure of 4.1m long channel section
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= 8000

Figure 7-4 lateral torsional buckling failure of Sm long channel section

Table 7.2 shows the calculation of the elastic critical moment for the channel section.
Only values up to 5m are calculated using LUSAS FEA, the rest of the values are
extrapolated using the predicted curve in Figure 7-5. This allows Figure 7.6 to be
plotted which shows the elastic critical moment for the channel section for all spans
from Im to 10m. Figure 7.6 is based on the far left hand and far right hand columns of
Table 7.2.
(m)

(mm)

Span
1
1.35
2
2.825
3.5
4.1
5
6
7
8
9
10

1000
1350
2000
2825
3500
4100
5000
6000
7000
8000
9000
10000

(mm^)

(N)

(kN/m)

Flange area
65000
87750
130000
183625
227500
266500
325000

total load
65000
87750
130000
183625
227500
266500
325000

UDL
65
65
65
65
65
65
65

(kN/m)

eigenvalue
1.2901
0.634539
0.234709
0.104984
0.0654827
0.0468673
0.0313123

critical UDL
83.8565
41.245035
15.256085
6.82396
4.2563755
3.0463745
2.0352995

(kNm)

10.48206
9.396135
7.628043
6.807433
6.517575
6.401194
6.360311
6.3124
6.0383
5.2998
3.8605
1.484

Table 7.2 FEA results for channel section
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Figure 7-5 Extrapolation of further Mcr values from FEA
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7.2 Stiffened cross-section: OSC section
The stiffened OSC section is defined in LUSAS based on the co-ordinates from the
section properties calculator (see Chapter 5), as shown in Figure 7-7. Based on guidance
in EN 1993-1-3 it is appropriate to ignore the influence of rounded corners on section
properties and to model the section using mid-line dimensions.

Member thickness:

2 mm

(y)
Point

(z)

horizontal

vertical

70

39

2

70

0

3
4

49
42

0
10

5
6

28

10

21

0

7

0

0

8
9

0

50

1

10
11
12

25

75

25
0

125

0
21

200

150

13
14

28

200
190

15

42

190

16

49

200

17

70

200

18

70

161

Figure 7-7 Nodal co-ordinates for the OSC section

The next step in the analysis of the OSC section is to calculate the elastic critical
moment, this is done in the same way as for the channel member. Once the member
spans reach 6m, the model takes a 64bit version of Windows 7, with 4GB of RAM, over
three hours to solve. The models longer than 6m in span require approximately 3.2GB
of dedicated RAM to solve. Thus, a 32bit version of Windows cannot be used as the
limit for dedicated RAM in 32bit architecture is approximately 2GB. Given the level of
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computational effort required to solve further models, it was considered acceptable to
extrapolate values from the 2.5m to 6m range. Distortional/ local interaction buckling
modes cause failure up to 2.5m, at which point lateral torsional buckling takes over as
the predominant mode for all longer spans. The values of the elastic critical moment for
all spans greater than 6m are extrapolated from the curve shown in Figure 7-8 (and in
tabulated form in Table 7.3).

FEA
Extrapolation
Power (FEA)

4

6

8

10

12

Span, L (m)

Figure 7-8 Elastic critical moment for the OSC section

Given that the reduced section properties of the OSC section are known (chapter 5) and
the flexural resistance is also available (Chapter 8), the buckling moment of resistance
for the OSC member for all spans up to 10m can be calculated (see Table 7.3) and
plotted against the span (see Figure 7.9). The buckling moment of resistance in Figure
7.9 is based on the far left and far right columns of Table 7.3.
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(for Mc,rd,y see chapter 8):

18.8
0.2

^c,Rd,y

a
(m)

(mm)

Span
1
1000
1.5
1500
2
2000
2.25 2250
2.5
2500
3000
3
4
4000
5
5000
6000
6
7
7000
8000
8
9
9000
10 10000

(mm^)

(N)

Flange
area
42000
63000
84000
94500
105000
126000
168000
210000
252000

total
load
42000
63000
84000
94500
105000
126000
168000
210000
252000

(kN/m)

(kN/m)

UDL
42
42
42
42
42
42
42
42
42

critical
UDL
300.771
142.619
84.061
68.395
55.443
30.992
11.468
5.226
2.748

eigenvalue
7.16122
3.39569
2.00145
1.62845
1.32007
0.737908
0.273039
0.124439
0.0654251

(kNm)

(kNm)

Mcr
37.596
40.112
42.030
43.281
43.315
34.866
22.935
16.333
12.365
10.044
8.283
6.988
6.001

(kNm)

Alt
0.707
0.685
0.669
0.659
0.659
0.734
0.905
1.073
1.233
1.368
1.507
1.640
1.770

Olt
0.801
0.783
0.771
0.763
0.763
0.823
0.980
1.163
1.363
1.553
1.766
1.989
2.223

X LT
0.850
0.860
0.867
0.871
0.871
0.837
0.737
0.621
0.514
0.437
0.372
0.321
0.280

Mb.Rd
15.981
16.173
16.303
16.380
16.382
15.735
13.859
11.668
9.663
8.221
6.999
6.036
5.268

Table 7.3 FEA results and calculations for OSC section

OSC section

Figure 7-9 Buckling moment of resistance for the OSC section
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7.3 Kingspan sigma section
In the same manner as the OSC section, the Kingspan Multibeam section is defined
(approximately) using the section properties calculator tool (see Figure 7-10). These
nodal co-ordinates are then used to create the FEA model. Again, the elastic critical
moment is calculated for all spans up to 6m span and then the elastic critical moments
for longer spans are extrapolated from the curve (see Figure 7-11). The results are then
produced in tabular form (Table 7.4) and as a graph (Figure 7.12).

i\_aiv.uii3».ui I ii

V ^i\i»‘ikj jr/-\i M

B
:>de

[Tiulcllcu

D
Point

1
2

vicwj

E

(V)
(z)
horizontal vertical

250

65

15

65
43.3334

0

21.6667

0

0

0

6

0

7

20

32
43.547

8

20

3
4
5

9

20

10

20

11
12

20
20

13
14

0

15
16
17
18

0
21.6667
43.3334

200

0

69.5282
95.5094

150

100

121.491
147.472

50

173.453
185
205

0

♦
♦
20

40

--- .

60

80

205

65

205
205

65

190

Figure 7-10 Nodal co-ordinates for the Kingspan section
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Figure 7-11

(m)

(mm)
Span

1
2
3
4
5
6
7
8
9
10

1000
2000
3000
4000
5000
6000
7000
8000
9000
10000

Mcr

for the Kingspan section from FEA with extrapolations

(mm^)

(N)

(kN/m)

Flange area

total
load

UDL

65000
130000
195000
260000
325000
390000
455000
520000
585000
650000

65000
130000
195000
260000
325000
390000
455000
520000
585000
650000

65
65
65
65
65
65
65
65
65
65

(kN/m)

(kNm)

eigenvalue

critical UOL

1.2901
0.571649
0.184221
0.0597526
0.0319612
0.0168248

83.8565
37.157185
11.974365
3.883919
2.077478
1.093612

Mcr
10.48206
18.57859
13.47116
7.767838
6.492119
4.921254
4.165131
3.530016
3.050694
2.67735

Table 7.4 FEA results and calculations for Kingspan section
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Kingspan Multibeam

Figure 7-12 Elastic critical moment lor the Kingspan section
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8 Ultimate Limit State Design to IS EN 1993-1-3
In the design of cold formed purlins (beam members) to EN 1993-1-3, there are four
areas of concern as follows:
•

Shear force,

•

Local transverse forces,

•

Bending moment,

•

Lateral-torsional buckling of members subject to bending.

8.1 Shear force
The shear force check (section 6.1.5 of EN 1993-1-3) is primarily concerned with the
ability of the member to resist buckling due to the design shear stress in the section. The
critical point for this check corresponds to the location of the design shear force (Ynd)The location of V^d is determined from the shear force diagram for the appropriate ULS
load case and is known as the critical cross section for shear. This check determines
whether or not shear buckling of the web and thus failure occurs at the critical cross
section for shear. The design shear resistance (taking account of web shear buckling)
Vb,Rd is determined as follows (Expression 6.8 from EN 1993-1-3):

^b.Rd —

hilL
sin(0) ^fbv
Ymo

where:

0

Angle between the flanges and web.
Height of the web (along its length) between the flanges.

fbv

Design shear strength (stress) considering buckling.

(|) and hw can be calculated directly from the cross section geometry. However, the
design shear strength considering buckling is dependent on the calculation of a relative
web slenderness (Tw), which takes account of web stiffness, thickness and the total
developed length of the web. The first step in calculating the design shear strength
considering buckling for a stiffened web (such as that in this projects OSC section) is to
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determine the shear buckling coefficient {kj) which, is a measure of the stiffness of the
web stiffener.

kr = 5.34 -f

where:

2.10/1:4 Y

Second moment of area of the stiffener,
(see (7cr calculations)
Implies that all web stiffeners must be taken into account.
Web thickness.
Total developed length of web (including all stiffeners).

For the OSC section:

kr = 5.34 +

2.10 /38616\3
2.10 fZlsY
= 5.34 +
V22O.72J = 189.04
t \ Srf

Next, the relative web slenderness (2^,) can be calculated:

= 0.346

Sd
N

S.Mfyb
kr E

but

> 0.346 —

fyb
E

In determining the relative web slenderness, the term \Sp’ is the length of the largest
single plate sub-element of the web
For the stiffened section design for this project (OSC section), the relative web
slenderness is 0.356:

= max I 0.346-^

5.34/yi,
^ I = max(0.2639,0.356) = 0.356
,
^,0.346-^
kr E
t

There are two threshold values for the relative web slenderness; these are 0.83 and 1.4.
The calculated values of X.^ are compared with these threshold values (using Table 6.1
of EN 1993-1-3) in order to determine the shear strength considering buckling {fix)- For
the OSC section, since the relative web slenderness (0.356) is less than the lower
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threshold value for relative web slenderness (0.83), the relative web slenderness can be
ignored and the following formula may be used to determine the shear strength
considering buckling:
fbv = 0-58/yb

In this context, the purpose of longitudinal web stiffeners is prevent shear buckling by
effectively reducing the relative web slenderness to at least a value below the upper
threshold value and preferably below the lower threshold, where relative web
slenderness may be ignored in design. As the relative web slenderness increases the
shear strength considering buckling (or the shear buckling strength) decreases and this
is true for any steel grade, as shown in Figure 8-1.

Web without stiffening at the support

■235
■275
355
■420
■460
Lower Bound
Upper Bound

Figure 8-1 Shear buckling strength of the web based on relative slenderness

For a relative web slenderness below the upper threshold value (upper bound) the use of
web stiffeners at the support is deemed not to have an effect. For sections in which a
high relative web slenderness exists (above the upper bound), web stiffening measures
at the support have a beneficial effect on the formula for determining shear strength
considering buckling; effectively eliminating the third zone (above the upper bound)
and continuing the second or intermediate zone to infinity. The concept of shear zones
is shown in Figure 8-1.
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Shear strength considering buckling also appears in the shear force verifications for both
plastic (class 1 and 2) and elastic (class 3) sections in EN 1993-1-1. However, the term
fbv does not appear. In both plastic (exp 6.17, EN 1993-1-1) and elastic (exp 6.19, EN
1993-1-1) design formulae, a modified version of the yield strength {fy in EN 1993-1-1
orfyb in EN 1993-1-3) known as the shear yield stress {fys) is used as follows:

fys =

fy

= /y(0.57735) = 0.58A, =

It is important to note that fy^s only equals fbx in the situation where the relative web
slenderness is less than the lower threshold value (0.83). Both the equation for shear
strength considering buckling in EN 1993-1-3 and the equation for shear yield stress in
EN 1993-1-1 arise directly from the distortional-energy theory or what is commonly
known as the Von Mises yield criterion.
Von Mises yield criterion applies to two-dimensional yielding under biaxial stress based
on the following equation:

al - (Ty,02, +

= fy

(Equation 8:1)
where:

Normal stresses at a point

* (^2f

Shear stress at a point

^II2I

In the case of pure shear, all terms containing (or influenced by) normal stresses (the
first three terms in Equation 8:1) equal zero and Von Mises yield equation reduces to
the following:
30-1^2'^

0^2' ~

=

fy^

— 0.577^

=

Ty

For the OSC section, the shear buckling strength and hence the design shear force
allowing for (web) buckling are as follows:
ftv = O.SSfyu = 0.58(355) = 205.9 MPa
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^ (iife) +

= (^ * 2.
= 82.36/cyV

^b.Rd —

The shear force check involves ensuring that the slenderness of the web is taken into
account when determining the maximum shear force that the member can support. This
check determines the maximum load that a member can carry without yielding and is
usually critical for transfer beams where a member may be subject to a large point load.

8.2 Local transverse force
For a purlin connected to a rafter using cleats that are designed to resist distortion and
local transverse forces (stiffened cleats), the shear force check is the only point load
check required. For the purposes of this project it is assumed that unstiffened cleats are
used and therefore the transverse resistance of the web must be checked. For a purlin
restrained by sheeting, the design loads are idealised as uniformly distributed (UDL’s)
and therefore the critical location for the transverse resistance of the web is at the
supports. The type of supports (simple or eontinuous) and the distance of the support
from the end of the member both influence the formulae required for the transverse
resistance in section 6.1.7 of EN 1993-1-3. All calculations for the OSC section assume
that the member takes uniformly distributed loading, spans one bay only and is
supported by cleats attached to the upper and lower portions of the web, within 1.5*hw
(300mm) from the end of the member. Therefore the critical location is at the supports
(and not under a point load). It should be noted that later FEA reflects these support and
loading assumptions.
The only criterion for local transverse forces is that the maximum transverse force must
be less than the local transverse resistance of the web:
pEd ^ P w,Rd

(OSC section)

VEd<R w.Rd

In order to use the formulae given in Section 6.1.7 of EN 1993-1-3, the cross section
must conform to the cross section dimension limits of Section 6.1.7.2 of EN 1993-1-3:
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Limit

—

t

<

OSC section

/iw

200

200

= 100 ...OK

r
<6
t

r 5
- = - = 2.S...0K
t
2

45 < 0 < 90

0 = 90... OK

-

Once agreement with these limits has been confirmed, the next step is to calculate the kn
factors, which are geometric ratios defining the slenderness of the web. The ko (or k)
factor normalises yield stress in a similar manner to the factor £ in section classification
to EN 1993-1-1. Not all of the kn factors are required for a simply supported member
but the entire set is presented in Table 8.1 for completeness and to allow for future
expansion of the OSC section into continuous spans and restrained supports.
kn factor

Formula

OSC section value

kQ

(k =) fyb/22S

1.56

ki

1.33 -(0.33A)

0.816

^2

1.15 -0.15(r//)

[0.5 < A2< 1]

0.775

^3

0.7 + 0.3((|) / 90)^

1

k^

1.22-(0.22A)

0.8768

^5

1.06 - 0.06(r/0 < 1

0.91

ks

1.49-(0.53i^ >0.6

0.6632

k-e

0.88 - {6t/95)

0.754

k?

\+{h^/750t)

kg

{hjt< 66.5)

<1.20

1.133

\/k

0.641

(or else) (1.1- [hj^65t])/k

kg

0.82 + (3//38)

0.978

kio

(0.98 - [hJS65t])/k

0.554

kii

0.64 +(3 D/190)

0.966

Table 8.1 - k„ factors for local transverse force calculations in EN 1993-1-3
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Given the loading situation and support types for the OSC section (web rotation is not
explicitly prevented), expression 6.15a from Figure 6.7a is appropriate for the
calculation of the design transverse web resistance.

9.04-%^][l +0.01
R w,Rd (web rotates)

Ymo

For the OSC section, on the basis of 150mm wide supports (s^), the design transverse
web resistance is calculated as follows:
R w,Rd (web rotates)

0.6324[7.373][1.75](4)355

= 11.587 kN

If suitable restraint conditions or section type (composite section such as back to back
channels) prevent web rotation then the design transverse web resistance may be
calculated using expression 6.16a from section 6.1.7.2(4) of EN 1993-1 -3.
k? 8.8 + 1.1 If t^fyb
R w,Rd (no web rotation)

Ym\

For the OSC section the design transverse web resistance, where web rotation is
prevented, is calculated using expression 6.16a and the appropriate kn values.
^w.Rd (no web rotation)

~ 29.484 kN

For the OSC section, clearly the design transverse web resistance is less than the design
shear resistance taking account of buckling and thus is the governing criterion for point
loading (including supports).

8.3 Bending Moment
The next cross-section check required is the bending moment check; this check (from
section 6.1.4 of EN 1993-1-3) takes the same general form as the bending moment
check in section 6.2.5 of EN 1993-1-1. For a purlin (or beam member) which is fully
restrained by sheeting, lateral torsional buckling is prevented and thus the bending
moment check is the only flexural check required. The most basic form of this check is
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that the maximum design moment {MEd) must be less than the design moment of
resistance (Mc,Rd)MEd

M.c,Rd

< 1.0

For a class 4 section (any section with ineffective areas) the calculated bending moment
resistance in EN 1993-1-3 is equal to that from EN 1993-1-1.
EN 1993-1-3

EN 1993-1-1

^eff.min fy
^c.Rd ~

^efffyb
^c,Rd —

Ymo

Ymo

For a fully effective cross section, the effects of non-dimensional slenderness and
increased average yield stresses need to be considered in accordance with expression
6.5 of EN 1993-1-3. This expression equates to a class 3 section, with an allowance
made for the effects of cold forming. For the OSC section, approximately 93.47% of the
section is effective (6.53% ineffective) and thus the class 4 rules apply. The bending
moment capacity known as the design bending resistance {Mc,Rd) is calculated using
expression 6.4 ofEN 1993-1-3.
For major axis bending: Wg/fy - 52 968 mm 3
For minor axis bending: Wg//,: = 16 208 mm
52968(355)

/. M c,Rd,y

M.c,Rd,z

16208(355)
~

= 18.8 kNm

= 5.75 kNm

Combining the calculated design values for shear force resistance, local transverse force
resistance and bending moment resistance, a graph can be plotted showing the load
capacity of the section over various spans. The final factor upon which these graphs will
depend is the spacing of the purlins (beams). It is common practice to spaee purlins at
about 1500mm centre-to-centre (c/c), thus four values of c/c spacing were examined;
500mm, 1000mm, 1500mm and 2000mm. Load/ span tables can be produced for each
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of these situations as shown in Figures 8-2 to 8-5 . The loading given is an area load
expressed in kPa (kN/m ). These results are calculated on the basis that in no case can
the maximum shear force, maximum local transvers force or maximum bending
moment exceed the design values calculated in section 8.1 to 8.3 of this report. The
design bending moment is 18.8kNm and the design support reaction (local transverse
force) is effectively 11.587kN (or 29.484kN for stiffened cleats). Where bending
moment is the governing criterion, the use of stiffened or unstiffened cleats makes no
difference. For longer spans, the cleat stiffness (and allowable web rotation at the
supports) becomes more important.

20
18

Pu rlins M500m m centres

16
14
c 10

5- 8
6
4

2
0

Rotation at support

Rotation prevented

Figure 8-2 Load versus span table for restrained OSC @ 500mm c/c
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Purlins at 1000mm centres
12
10

1c 8
Q.

6
4

2
0

Rotation at support

Rotation prevented

Figure 8-3 Load versus span table for restrained OSC @ 1000mm c/c

Purlins at 1500mm centres

Rotation at support

Rotation prevented

Figure 8-4 Load versus span table for restrained OSC @ 1500mm c/c
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EurUns at IQQQmm centres

m

M.

in

ID

-

00

CJ^

Area Load (kPa)

Rotation at support

Rotation prevented

Figure 8-5 Load versus span table for restrained OSC @ 2000mm c/c

The last step is to combine these graphs to select an optimum spacing.. Fhe design span
for a member given a certain area load (due to wind loading for example) depends on
the interaction of the resistance of the cross section to local transverse forces, shear
force and bending moment. Calculations show generally that, as the spacing of purlins
decreases, the design span increases and therefore a closer spacing of purlins is
preferable for load carrying capacity. This rule will be offset by the concept of
diminishing returns: there is a point at which the value of the extra span gained by
decreased purlin spacing is less than the cost of the extra steel required for the closer
spacing. This will vary from project to project. Figure 8.6 and 8.7 present the design
spans for a restrained member.
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Laterally restrained OSC section

’l.Omc/c

' 1.5m c/c

0.5m c/c

2.0m c/c

Figure 8-6 Load versus span graph for restrained OSC with simple cleats

Laterally restrained OSC section

rNm^LDUDr^oocn

Area Load (kPa)

’1.0m c/c

■'

1.5m c/c

'

0.5m c/c

2.0m c/c

Figure 8-7 Load versus span graph for restrained OSC with stiffened cleats

8.4 Lateral-torsional buckling of members subject to bending
It is assumed that in normal use, the OSC purlin will be fully restrained by trapezoidal
sheeting panels and thus the major axis bending capacity will be the governing flexural

Matt Clifford

M.Eng. in Structural Engineering

138

Chapter 8; ULS Design

Optimisation of cold formed purlin cross-sections

criterion. In certain circumstances such as during construction, or when the chosen
sheeting is not stiff enough to restrain the purlin, lateral torsional buckling may be of
concern and thus the final check for the OSC section is a flexural check, taking account
of lateral torsional buckling.
According to section 6.2.4 of EN 1993-1-3, the buckling resistance of a member that is
susceptible to lateral torsional buckling is determined in the same manner as a hot rolled
section. This means using the rules given in section 6.3.2.2 in EN 1993-1-1 and utilising
buckling curve b. Section 6.3.2 of EN 1993-1-1 gives the general rules for the buckling
resistance of a uniform member in flexure. The basic rule is that the maximum bending
moment in the section must be less than the design buckling resistance moment.
MEd
Mb.Rd

< 1.0

The design buckling resistance {Mb,Rd) is defined as the design bending moment
resistance for major axis bending {Mc,Rd,y) multiplied by a reduction factor {xii) to allow
for the effects of lateral torsional buckling on the section’s flexural resistance. Eateral
torsional buckling (LTB) is a buckling phenomenon commonly associated with slender
members where the second moment of area about the major axis

{ly)

is significantly

larger than the second moment of area about the minor axis (T) such as in UB sections.
LTB is defined as a cross-sectional twisting failure of a member subject to major axis
bending. LTB cannot occur in members subject to flexural loading about the minor axis,
nor does LTB effect members square hollow sections or circular hollow sections (where
Iy = I=)^eff,y fyb
^b,Rd — Xiri^c.Rd.y)

“

XlT
Ymo

The reduction factor for LTB is calculated taking account of both member imperfections
and lowest buckling mode, through the use of the appropriate buckling curve and elastic
critical moment respectively. Buckling curve b is used for cold formed members such as
the OSC section; this curve is shown in Figure 8-8.
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EN 1993-1-1 Lateral torsional buckling curves (general case - Table 6.3)
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Non-dimensional slenderness for LTB

Figure 8-8 Buckling curve b from EN 1993-1-1

The imperfection factor for buckling curve b is given in Table 6.3 of EN 1993-1-1 as
0.34. The non-dimensional slenderness for lateral torsional buckling
section 6.3.2.2 of EN 1993-1-1, as the major axis flexural resistance
by the elastic critical moment for lateral torsional buckling

is defined in
divided

all to the power of a

half:

Alt —

M,c,Rd,y
Mr

^eff.y fyb

>1

Mr

Eurocode 3 does not give an equation for calculating the elastic critical moment for
lateral torsional buckling (M^r) for an unrestrained beam. However, Annex E of EN
1993-1-3 gives an equation for the calculation M^r for a beam restrained by sheeting,
where the sheeting is deemed to only partially restrain the member. SCI gives guidance
(38) for the calculation of the elastic critical moment for I-beams and the free software
LTBeam can be used for a variety of loading and restraint cases. For the OSC section,
LUSAS FEA was used to calculate the elastic critical moment. This method takes
accounts of local buckling, distortional buckling, lateral torsional buckling and any
interaction buckling modes. Non-FEA methods of calculating

only examine LTB

and neglect other (local) failure modes. This can lead to over-estimates in the elastic
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critical buckling moment particularly in sections such as thin cold formed sections
where interaction between local (or distortional) buckling and lateral torsional buckling
is evident. A complete explanation of how this value was calculated in given in Chapter
7 of this report. Figure 8-9 shows the elastic critical moment

{Mcr)

for the OSC section

over a range of span lengths from Im to 10m. Figure 8-10 shows a comparison of the
Mcr

values for the OSC section, a Kingspan Multibeam section, and a plain channel

section.

OSC section

Figure 8-9 Elastic critical moment for OSC section
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■OSC
' Kingspan
Channel
Poly. (OSC)
Poly. (Kingspan
Poly. (Channel)

4

5

6

7

Length of member (m)

Figure 8-10 Comparison of Mcr for different cold formed sections

Once the imperfection factor and the elastic critical moment have been calculated, the
reduction factor for lateral torsional buckling (Xi;r) can be determined. Since Xlt is a
reduction factor it must be less than or equal to one.
CD LT

— 0.5

-

— 0.2) “f X LT

-f

2

< 1

Xlt —

Olt ”1"

'LT

~
“ Xj
^LT

The value of the reduction factor for lateral torsional buckling depends on the elastic
critical moment for lateral torsional buckling, which in turn depends on the length of the
member. Thus the reduction factor generally decreases as the span increases. Looking at
LTB only, xlt will decrease with the span squared. However, when local buckling,
distortional buckling and any interaction modes are considered the relationship may be
more complex. The reduction factor for buckling (including local, distortional, lateral
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torsional and interaction buckling modes) is plotted against span for the OSC section, a
comparable Kingspan Multibeam and a plain channel section:

OSC section

Using this data, the design buckling moment of resistance versus span can be plotted.
This graph will be the same shape as the Xi;i versus span graph:
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At this stage final load span tables can be produced for the design of the OSC section at
the ULS in accordanee with EN 1993-1-3, allowing for the effects of lateral torsional
buekling for an unrestrained member. It is important to note that, as in the case of the
restrained sheeting, the effect of rotation of the web at the support is much more
pronounced when the purlin spaeing is increased. Again, the centre to centre spacing of
the purlins for four different eonfigurations is first considered before combining these
charts, the results are shown in Figures 8-11 to 8-14. Figure 8-15 and Figure 8-16
combine this data from the individual result plots to give load span tables for the
unrestrained OSC member. These tables are caleulated on the same basis as Figure 8-2
to 8-5 but this time the effects of LTB are allowed for.

Purlins at 500mm centres

li II 11
LD

(X)

Area Load (kPa)

Web rotates

No rotation

Figure 8-11 Load versus span table for unrestrained OSC @ 500mm c/c
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14

Purlins at 1000mm centres
12
10

1 ^
c

9

i/t-

6
4

2
0

I Web rotates

No rotation

Figure 8-12 Load versus span table for unrestrained OSC @ lOOOmm c/c

12

Purlins at 1500mm centres
10

c
m
a.

6

^

mil.

in

Area Load (kPa)

Web rotates

No rotation

Figure 8-13 Load versus span table for unrestrained OSC @ ISOOmm c/c
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9

Purlins at 2000mm centres

8
7

6

1c 5
S.

«/)

4
3

2
1

0
rM

in

m

ID

00

cn

Area Load (kPa)
1 Web rotates

No rotation

Figure 8-14 Load versus span table for unrestrained OSC @ SOOmm c/c

Laterally unrestrained OSC section

'l.Om c/c

’1.5m c/c

•0.5m c/c

>2.0m c/c

Figure 8-15 Load versus span graph for unrestrained OSC with simple cleats
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Laterally unrestrained OSC section
(rotation of the web at support prevented)

(N

tn

m

tx)

00

cn

Area Load (kPa)

'1.0m c/c

'1.5m c/c

...... 0.5m c/c

-——2.0m c/c

Figure 8-16 Load versus span graph for unrestrained OSC with stiffened cleats
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9 Conclusions
The link between Euler’s column theory and Timoshenko’s plate theory was
established. The theory underlying section classification in Eurocode 3 has been
explained and the c/t ratios and class limits derived, Schafer’s research into distortional
buckling was analysed and, based on this, a proposal for an optimised section was
presented.
The main conclusion in relation to distortional buckling is that in order to prevent
distortional buckling, all flanges should be lipped and the lips should be as close as
possible to 60% the width of the member. Flanges should also be internally stiffened,
which eliminates both local and distortional buckling. Multiple web stiffeners give
better distortional buckling resistance than a single large web stiffener. The current
limiting aspect ratios for local buckling in cold formed channels given in EN 1993-1-3
also apply to distortional modes of failure.
In order to examine the effect of stiffeners a section properties calculator tool has been
developed. This tool has nine different operation modes but room exists for further
expansion of the program to include more nodes (more complex cross sections), classify
a section and to automatically generate reduced section properties where applicable (for
class 4 sections).
The optimised stiffened channel (OSC) developed for this project represents the next
stage in the development of cold formed purlins; it incorporates highly stiffened
sections to resist distortional as well as local buckling.
The extensive use of stiffeners saves on steel (weight and cost) versus equivalent plain
sections and the increase in second moments of area about both the major and minor
axes increases section bending moment resistance and lateral torsional buckling
resistance.
The next step in the research into the OSC section is to make up test sections and
conduct laboratory testing and full non-linear FEA to determine actual section strength.
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